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ABSTRACT 
 Objectives: The aim of this in-vitro study is to evaluate the effect of different zirconia 
surface pretreatments, different cement types and the effect of accelerated aging on the adherence 
of bonding cements to zirconia. Materials and methods: 64 zirconia 3Y-TZP tapered rings were 
pressed from TZ-3YSB-E zirconia powder, pre-treated with different surface treatments, then 
cemented to titanium abutment pins using 8 different cements: Maxcem Elite chroma (Kerr), 
TheraCem (Bisco), RelyX Unicem2 (3M ESPE), Multilink Automix (Ivoclar Vivadent), Panavia 
SA Cement Plus (Kuraray), Ceramir C&B (Doxa), CemEZ Universal (Zest Dental), and Bifix SE 
(VOCO). The partitally sintered zirconia specimens were divided according to design of 
experment (DOE). Zirconia surface treatments: 1) control group with no surface treatment, 2) 
airborne particle abrasion of fully sintered zirconia ring (FS-APA50), 3) airborne particle abrasion 
of partially sintered zirconia (PS-APA50), 4) tribochemical silica coating of fully sintered zirconia 
(FS-CoJet30), 5) tribochemical silica coating of partial sintered zirconia (PS-CoJet30), and 6) 
nano-structured alumina coating of fully sintered zirconia (NanoAl). Zirconia rings were subjected 
to post-treatment:1) control 24h incubation after cementing proceedure, and 2) accelerated aging . 
The pull-out axial tensile retention load was tested using an Instron Model 5566A. Multi factorial 
 
 vi
linear regression model (JMP Pro 15) was used for data analysis (α=0.05).  Results: The retention 
force (N) of zirconia rings to titanium abutment pins was evaluated using a pull-out test. Four key 
factors were investigated in this study: zirconia surface pre-treatment, cement type, post-treatment 
and firing effect. There was a significant effect of zirconia surface pre-treatment on retention force 
(nano-structured alumina coating ≥ tribochemical abrasion = airborne-particle abrasion ≥ control). 
There was a significant effect of cement type on retention force [Multilink AM ≥ (Cem EZ = 
TheraCem = Panivia SA = RelyX Unicem2 = BiFix) ≥ Ceramir CB = Maxcem Elite]. There is a 
significant difference in retention strength to zirconia among post-treatment effect, with 
accelerated aging groups achieving slightly higher bond strength than 24h water storage groups. 
Conclusions: Significant different retention loads were found among tested groups. Nano-
structured alumina coating surface pre-treatment has significantly higher bond strength than other 
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THE EFFECT OF ZIRCONIA SURFACE TREATMENT ON BOND STRENGTH 
OF VARIOUS CEMENT SYSTEMS 
Chapter 1. INTRODUCTION 
1.1 Properties of zirconia  
The use of zirconia in dentistry began in 1989 to address the demand for advanced 
esthetics and to manage the patient’s high occlusal load (1, 2, 3, 4, 5). Yttrium oxide–
stabilized zirconia polycrystal (Y-TZP) ceramics are known for their superior mechanical 
strength (6, 7), physical and thermal properties, biocompatibility (8), high fracture 
toughness, hardness, and wear resistance (9). Y-TZP ceramic has a higher flexural 
strength (approximately 1000 MPa) (8) and fracture toughness (>9–10 MPa m1/2) than 
other dental ceramics do, and it meets the mechanical requirements for high stress-
bearing posterior restorations (6). 
Zirconia occurs in three crystal phases at three temperatures: monoclinic, tetragonal, and 
cubic. At room temperature, zirconia exists in the monoclinic phase, and at temperatures 
above 1,070°C, the monoclinic phase converts into the tetragonal phase. At temperatures 
above 2,370°C, zirconia exists in the cubic phase. Effective stabilizers, such as ceria, 






Stressing the zirconia via machining, wear, or water can transform it from the tetragonal 
to the monoclinic phase. This transformation will result in 3–4% volume expansion, and 
with this expansion, compressive stresses block crack propagation at the crack tip. This 
phenomenon is called transformation toughening, and it increases the fracture resistance 
and strength of the zirconia material (10, 11, 12). Zirconia is used in frameworks for 
fixed dental prostheses (FDPs), implant abutments, and single ceramic restorations (13, 
14, 15, 16). It is also recommended for posterior restorations due to its mechanical 
properties (3). 
1.2 Bonding to zirconia  
Zirconia restorations can be luted using conventional types of cement due to high fracture 
resistance. The physical strength and the mechanical qualities of the zirconia mainly 
provide the retention (17, 18). Internal adaptations of zirconia frameworks are less 
accurate than those of metal frameworks, thus resulting in a wider cement space, which 
reduces the restorations’ retention stress (19, 20). On the other hand, the current 
systematic review demonstrates that computer-aided-design and computer-aided-
manufacturing (CAD/CAM) systems resulted in an increase in the marginal fit of 
frameworks when compared with the conventional lost-wax casting approach used to 
fabricate single-unit frameworks. High-strength ceramic restorations with adequate 
thickness and retention provide mechanical strength that exceeds the forces of the natural 
chewing and thus can be conventionally cemented (21, 22). In circumstances of poor 





strong dislodging forces, minimum ceramic thickness, and low inherent strength, resin 
bonding is advised (23, 24, 25). Reduction in zirconia restorations’ retention stress 
requires the use of a strong cementing material (26). 
Another concern regarding zirconia is that it is considered to be a dense polycrystalline 
material with no glass phase and no silicon dioxide (silica) phase (27, 28, 29). The use of 
resin luting cement is not as effective for zirconia restorations as it is in other ceramics. 
Fracture strength increases with the use of resin luting cement because the sealing of the 
small cracks in the intaglio surfaces of ceramic restorations increases the lifetime of these 
restorations (19, 20). Furthermore, chemical bonding and micromechanical interlocking 
at the ceramic-resin interface are accomplished using resin luting cement (30). 
In zirconia restorations, hydrofluoric acid (HF) treatment fails to create a microporous 
surface for bonding, which prevents the micromechanical interlocking of the bonding 
surface (27, 28, 29). In addition, the absence of the silicon dioxide phase will result in the 
lack of a chemical bond between zirconia restorations and resin luting cement. 
Therefore, the surface pre-treatment of zirconia restorations is crucial for altering the 
topography to enhance mechanical retention and chemical retention, thus improving the 






1.2.1 Shear bond test 
In the laboratory, the adhesion strength is evaluated under the shear or tensile mode (33). 
The shear mode emphasizes layers of atoms or molecules transferring (displacing) stress 
from one layer to the next. Although the tensile mode varies according to the tensile 
stress and the specific load (34), the shear adhesive strength (formerly known as “shear 
bond strength”) between the resin cement and either zirconia or titanium material has 
been thoroughly studied (33). 
1.3 Dental cement  
In the harsh oral environment, dental cement is intended to deliver stability and retention 
to restorations. The cement–restoration retention mechanism features chemical, 
mechanical, and micromechanical components (35). Bond durability is the main factor in 
the long-term functioning of a dental restoration (36). Cementation's major function is to 
ensure dependable retention, a long-lasting seal of the marginal gap, and appropriate 
cosmetic characteristics (37). 
1.4 Classifications of dental cement 
The existing types of dental cement are conventional cements and resin composite 
cements. Good dental cement qualities include resistance to dissolution, a strong bond, 
high strength under tension, good manipulation properties, and biocompatibility (38). 
Conventional cement includes zinc phosphate cement (ZPC), polycarboxylate cement 
(PC), and glass ionomer cement (GIC). Frictional forces between the preparation's walls 





cemented indirect restorations (39). As a result, a macro-retentive tooth preparation is 
necessary, along with an outstanding marginal fit (37, 39). 
Resin composite cement is made up of a resin matrix, an inorganic filler, and a coupling 
agent, which are the three primary components. These three basic components determine 
resin composite’s properties and performance. Certain physical properties, such as 
strength, stiffness, abrasion resistance, and the coefficient of thermal expansion, are 
primarily determined based on the filler and coupling agent, whereas others, such as color 
stability and softening tendency, are determined based on the resin matrix (40, 41, 42, 
43). Resin composite cement has adhesive properties that are capable of adhering to 
dental tissues as well as restorative material. It offers the advantages of high bonding 
strength, high compressive strength, high tensile strength, and low solubility compared 
with other dental cement types (38, 44). Resin composite cements are divided into 
adhesive and self-adhesive resin composite cements based on their adhesive schemes. 
Adhesive resin composite cements require adhesive tooth surface pre-treatment and are 
classified as etch and rinse cements, also called total-etch resin cements, or self-etch resin 
cements, depending on the adhesive system used prior to cementation (etch and rinse 
adhesive system or self-etch primers) (39, 45, 46). These cements have a high sensitivity 
to the technique used and are prone to handling errors (39). The tooth surface does not 
need to be pre-treated with self-adhesive resin cements. This is because its acid-
functionalized monomers (mostly methacrylate monomers with the carboxylic acid or 





Although the demand for monolithic zirconia crowns has increased in restorative 
dentistry, no well-established guidelines exist for selecting the appropriate dental cement 
for this material (38). Zirconia crowns and FPDs could be cemented with conventional 
cement due to the high fracture resistance property of the zirconia material. However, 
resin composite cement is preferred to improve the restorations’ retention, marginal 
adaptation, and fracture resistance (24, 48).  
Ha (2015) compared the stress distribution on monolithic zirconia crowns using four 
types of cement: zinc phosphate cement, polycarboxylate cement, glass ionomer cement, 
and resin cement. The author concluded that the elastic moduli of the cement types 
affected the stress distribution of the monolithic zirconia crowns, cement layer, and 
abutment tooth. Furthermore, zinc phosphate cement and polycarboxylate cement had a 
wider distribution of high-stress levels on the monolithic zirconia crown and cement layer 
compared with other types of cement. The author recommended using resin cement (38). 
Similarly, Ayad et al. (1997) claimed that resin cements provided better retention than 
zinc phosphate cements or glass ionomer cements did (44). 
Although resin composite cements were recommended for use with zirconia material, 
conventional Bis-GMA resin composites demonstrated significant bond strength 
reduction after the aging process (28, 49, 50). Adding a functional monomer to resin 
cement was recommended to establish a chemical bond between the resin cement and the 





Kern and Wegner (1998) used a phosphate monomer containing adhesive resin composite 
(Panavia 21) and revealed a more long-lasting bond after sandblasting the zirconia 
ceramic (49). Derand and Derand used a 4-META-containing adhesive resin (superbond 
C&B) and found that it provided higher bond strength than Panavia 21 did (28). Surface 
pre-treatment is recommended to achieve proper adhesion between the dental cement and 
the zirconia inner surface (27, 51). In vitro studies and systematic reviews concur that a 
combination of micromechanical and chemical treatment is required for long-term 
durable resin bonds (52, 53, 54). 
 
1.5 Mechanical surface treatment of zirconia 
Many studies have been aimed at improving the bond between cement and the inner 
surface of zirconia restorations. The aim of these attempts is to increase the surface 
roughness of the zirconia material to improve the mechanical and micromechanical 
interlocking. The following subsections provide some examples of the mechanical 
surface treatment of zirconia. 
 
1.5.1 Airborne-particle abrasion with alumina particles 
Sandblasting has many applications in dentistry. It is used to clean surfaces and to 
increase the surface roughness of dental restorations (55). The sandblasting of ceramics 





energy (56), and the surface area (57). Piwowarczyk et al. (2005) claimed that the highest 
shear bond strength values were achieved after airborne-particle abrasion and the usage 
of RelyX Unicem resin cement with zirconia restorations (58). Other studies similarly 
found that airborne-particle abrasion followed by the use of resin cement containing 
methacryloyloxydecyl dihydrogen phosphate (MDP) had the highest shear bond strength 
with zirconia restorations (27, 52, 59). 
Microcracks on the ceramic surface could be formed by airborne-particle abrasion and 
could lead to a decrease in the fracture resistance of zirconia (60, 61). If the zirconia 
surface had flaws, it would lead to stress concentration and to a further reduction of the 
fracture strength (62-65). Bottino et al. (2005) claimed that airborne-particle abrasion 
caused structural damage, material loss, grain pullout, and the creation of sharp crack tips 
that subject the bonded restoration to radial cracking under a functional load (61). In 
contrast, other studies found that airborne-particle abrasion of zirconia restoration caused 
stress, leading to t-m phase transformation and to the development of a local compressive 
stress area that increased the fracture toughness (66, 67). 
Many factors contribute to altering the fracture toughness of zirconia restorations. 
Albakry et al. (2004) claimed that sandblasting at a close distance would decrease the 
mechanical properties through the initiation of micro-cracks in the zirconia surface. Other 
researchers suggest using resin cement types after airborne-particle abrasion neutralizes 
cracks and exercises a healing effect on the zirconia surface (24, 68). Wang et al. (2007) 





extent of the impact damage. He compared 50 um and 120 um alumina particles at 
constant pressure and found that sandblasting with 50 um particles resulted in the 
increased strength of the zirconia material, whereas 120 um particles decreased the 
strength (66). The pressure of airborne-particle abrasion is also important. Heikkinen et 
al. (2007) reported that using greater pressure in the abrasion of the zirconia surface 
resulted in a rougher surface due to the higher kinetic energy of the abrasive particles 
(57). Beatrice et al. (2015) found that the angulation of the sandblasting pen affected the 
surface roughness of zirconia material: 45°C and 60°C resulted in the lowest surface 
roughness of the material, whereas 75°C and 90°C had the greatest surface roughness. 
1.5.2 Tribochemical abrasion 
Tribochemical abrasion is a common surface treatment method that uses air abrasion with 
silicon oxide particles. The silica-coated alumina particles are deposited on the surface of 
the cemented material via air abrasion, then a silane primer bonding agent is applied (61, 
69-73). The abraded particles increase the roughness of the zirconia surface whereas the 
silane bonding agent enhances the adhesion on the zirconia-abraded surface and the resin 
matrix of the cement (50). The bond strength of silica-based and (27, 74) glass-infiltrated 
alumina (27, 75), as well as zirconia ceramics (27, 17, 54, 61) increased when the silica 
coating via air abrasion was followed by silanization.  
The surface treatment of zirconia with aluminum oxide airborne-particle abrasion or 
tribochemical silica coating is considered to be the gold-standard treatment for improving 





uses a tribochemical silica coating to produce a surface for clinical procedures, including 
the intraoral repair of fragmented metal-ceramic and all-ceramic restorations (51, 61, 75). 
The tribochemical silica coating of the zirconia surface offers a silica-coated surface that 
is favorable for interaction and bonding with the silane agent and the resin cement (76). 
Ozcan et al. (2003) showed that a silica coating followed by silanization might result in a 
relatively higher bond than that of airborne-particle abrasion (27). Previous studies have 
shown how this method could cause a critical damage zone that could act as a crack 
initiation point (66, 77). Researchers in investigations that did not find that the 
zirconia material was harmed (78, 79) contended that the clinical failures of zirconia 
restorations were unrelated to the internal surface conditioning (80, 81). The 
tribochemical surface treatment appears to be a good option for zirconia restorations (31), 
attributable to the fact that silica coating systems create a fine rough surface that 
increases the surface area, thereby improving mechanical and chemical bonding (17, 27, 
51, 74). The silane agent used for silanization increases the substrate surface energy, 
improves the surface wettability to resin, and promotes a chemical bond to resinous 
materials through cross-linkages with the methacrylate groups (23, 74, 82).  
Using MDP primer after the silica coating helped to increase the bond strength (83). Atsu 
et al. (2006) used energy dispersive X-ray spectrometry (EDS) to analyze zirconium, 
silicon, and aluminum, and they found that in the silica-coated specimens, the silicon 
content was higher than it was for those specimens treated with airborne Al2O3 particles 





surface using EDS and detected Si and Al (85). 
A substantial amount of silica remaining on zirconia surfaces after silica coating is 
necessary for long-lasting bonding. Matinlinna et al. (2006) discovered that the amount of 
silica applied was insufficient for obtaining silanization due to the surface hardness of 
zirconia (86). Furthermore, silica embedment pressure is a critical factor in determining 
the silica embedment rate (57). The silica-coated/cement seal’s bond strength weakened 
after long-term storage or temperature cycling, demonstrating that the amount of silica 
was insufficient (87). 
In summary, tribochemical treatment combines micromechanical adhesion, obtained by 
airborne-particle abrasion, with chemical bonding in a well-documented process (59, 70, 
87, 88). 
1.5.3 Glaze layer 
A recently developed technique applies a thin coating of vitreous porcelain (low-fusing 
porcelain glaze, vitrification, or glaze-on) onto the ceramic surface. In general, the glaze 
is composed of vitreous porcelain (high SiO2 content, amorphous matrix) and metallic 
oxides, which are etched using HF (89, 90). Etching in this manner can improve the bond 
strength by creating micromechanical retention along the surface of zirconia material 
(31). For glass ceramics, HF etching creates retentive microchannels in the silica phase of 
porcelain (91-93). The number and size of the irregularities produced are related to the 





agent and the ceramic (94, 95). However, acid etching porcelain for an extended period 
could strip the glaze from the surface of the zirconia. It is yet to be determined how the 
etching time of porcelain glaze applied to zirconia affects the resin bonding strength and 
crown retention rate (91, 96). 
The glaze-on technique with a multi-phase glaze containing a major lithium disilicate 
phase results in a zirconia surface that is amenable to etching and adhesive bonding. It 
can therefore be an alternative treatment for zirconia (89). The standardization of the 
thickness of the low-fusing porcelain glaze is difficult; thus, it might increase the 
marginal gap and result in a minor change in marginal adaptation (97). 
Little data exist on the bonding potential of 3Y-TZP and glaze, which could affect the 
technique’s long-term stability. The scratch test, which determines the cohesive and 
adhesive properties of thin films during coat detachment, is one way in which to assess 
glaze-zirconia bonding (98, 99). Feitosa et al. (2017) found that the glaze-on group’s 
scanning electron microscope (SEM) micrograph indicated that a significant amount of 
glaze was removed, possibly resulting in poor glaze-zirconia adhesion (100). 
Consequently, micromechanical retention is a more efficient mechanism than chemical 
adhesion is for achieving higher bond strengths between the zirconia core and the resin 
luting agent. Sandblasting surface treatments offered the highest shear bond strength, 





1.5.4 Plasma processing (reactive magnetron sputtering)  
The deposition of silica nanofilms on the surface of zirconia involves plasma processing 
(reactive magnetron sputtering) to deposit a silica nanofilm on the zirconia surface, thus 
making it more chemically reactive. The application of silanization to the nanofilm 
deposition improves adhesive strength without causing damage to the zirconia surface 
(72, 102, 103). 
The advantages of this technique include the creation of a homogeneous film, improved 
chemical adhesion to the substrate (104), and the absence of the m-phase transition after 
the film has been applied. The deposition of the silica nanofilm through sputtering is 
faster than vitrification, and the thickness and chemical composition of the film can be 
managed. It also prevents harsh sandblasting conditions by not exposing the ceramic to 
high temperatures. However, it requires expensive, specialized equipment and training 
before use (72). 
1.5.5 Laser, erbium-doped, and yttrium-aluminum-garnet laser (Er:YAG) 
The use of laser energy for zirconia surface treatment is intriguing, and several studies 
have been published on the subject. The differences between these studies’ results are 
possibly due to the laser type and the various parameters applied to the surface treatment 
(105). An Nd:YAG laser was found to improve the surface roughness, wettability, and 






Spohr et al. (2008) reported that laser surface treatment using graphite coating to improve 
laser absorption resulted in a damaged surface with significant micro-cracks, likely the 
result of energy discharge (108). Stubinger et al. (2008) showed that the SEM analysis of 
Er:YAG and diode lasers did not affect the surfaces, whereas exposure to CO2 resulted in 
melting and cracking (109). Using the Er,Cr:YSGG laser on the surface with modified 
parameters, Jihad Saade et al. (2019) found it to be as efficient as a non-destructive 
treatment for zirconia material (110). Ghasemi et al. (2014) demonstrated that 3W of 
power applied to a zirconia surface increased the bonding but did not change the surface 
roughness (111). Other researchers believe that a CO2 laser at 4W and an Er:YGG output 
of only 3W are surface options for roughing zirconia material(112). These findings 
suggest that although it improved the surface wettability and increased the bonding 
surface area, surface roughness was not the only factor influencing the increase in 
adhesion strength. 
1.5.6 Grinding with diamond rotary instruments 
Another surface modification that improves zirconia material’s strength is wet hand-
grinding with a fine-grit diamond rotary cutting instrument (113, 114). In the absence of 
air abrasion armamentarium, previous investigators recommended the fine grinding of 
zirconia material (115, 116). Michida et al. (2015) found that the fine-diamond group had 
higher surface roughness values than the airborne-particle abrasion and silica coating 
groups did, whereas it demonstrated a reduction in the flexural strength (117). In another 





the strength of Y-TZP, but coarser grinding decreased the strength (115). As a result of 
heavy grinding, severe microcracking can occur, which reduces the strength and integrity 
of the material (117). 
1.5.7 Selective infiltration etching 
According to the thermodynamic properties of zirconia, the grains could be, in theory, 
easily controlled by regulating the temperature and heating time. Heat-induced 
maturation (HIM) is a new approach that stresses the grain boundary regions using two 
short thermal cycles, not enough to allow for grain growth or cubic grain formation. The 
zirconia is heated to 750°C for two minutes, cooled to 650°C for one minute, reheated to 
750°C for one minute, and, finally, cooled to room temperature. Following this treatment, 
other substances will easily influence the grain boundaries (118). When heated to a low 
temperature (700-900°C) for several minutes, fully sintered zirconia can be infiltrated by 
dopant agents (119). Selective infiltration etching (SIE) converts a non-retentive smooth 
surface into one that is strongly retentive using HIM and the grain boundary diffusion 
principles. When a thin layer of infiltration glass was applied, the boundaries were 
selectively expanded, resulting in a three-dimensional (3D) network of inter-grain 
porosity (120). Only 15 minutes in an ultrasonic bath in 5% HF are needed to fully 
dissolve the infiltration agent, leaving the zirconia surface with retentive features but no 
surface damage. The resin cement infiltrates into those irregular surfaces, forming a 
nano-mechanical bond with the zirconia material. Zirconia HIM/SIE is effective to a 1–





compared with airborne-particle abrasion, the HIM and SIE methods provided superior 
zirconia-resin bond strength, and the aging process did not affect the bond formed (121). 
Notably, overestimating the time, temperature, or the number of HIM cycles could lead to 
the formation of cubic grains that affect the material’s structural stability (122). 
1.5.8 Piranha solution  
Piranha solution (PS), composed of 3:1 sulfuric acid (H2SO4) /30% H2O2, is a cleaning 
reagent and potent oxidizing solution that hydroxylates most surfaces and renders them 
hydrophilic. This enhances their hydroxylation and bond strength to adhesive monomers 
(123, 124). One protocol is to submerge zirconia samples in the solution for 30 minutes, 
rinse them with distilled water for five minutes, then immerse them in distilled water for 
another 20 minutes (100). When comparing the effectiveness of PS bonding to zirconia to 
the effectiveness of airborne-particle abrasion combined with zirconia primer, the groups 
treated with PS had significantly lower shear bond strength (124). It is clear that when PS 
treatment was used, regardless of the exposure period (four days vs. 30 min), none of the 
experiments resulted in higher bond intensity values (compared with other groups). The 
SEM results also support this conclusion, as no improvement in surface roughness was 
observed (100). 
1.5.9 Nanostructured alumina coating 
A non-invasive method for promoting resin bonding has been proposed in which a porous 
nanostructured alumina coating is applied to the surface, thus creating a high surface area 





powder in a diluted aqueous suspension were used to fabricate the adhesive coating on 
ceramic substrates. 
The AlN powder reacted vigorously with hot water, thus forming AlOOH (boehmite) and 
ammonia in the early stages of hydrolysis as shown in reaction (1): 
 
AlN + 2H2O → AlOOH + NH3        
 (1)  
 
The precipitated boehmite thermally decomposed during subsequent heat treatment, 
forming transitional alumina, which then underwent a series of polymorphic phase 





During the hydrolysis of AlN powder in an aqueous suspension, nanostructured lamellas 
were seen forming perpendicular to the substrate. Those lamellas constitute resin 
retention sites. Inter-lamellar spaces were entirely filled with the resin matrix, creating 
the intermediate structure known as the hybrid layer. The coating had a consistent 
thickness and good coverage. However, the coating could not be stripped from the 
substrate, suggesting that stronger bonds were created between the substrate and coating; 





coating was 240 nm during atomic force microscopy (AFM) analysis, and after thermal 
treatment, the individual lamellae’s thickness was approximately 6 nm. Internal and 
marginal gaps ranging from 29 to 119 µm have been recorded (126). The contribution to 
the marginal and internal openings of the frameworks can be overlooked because the 
coating thickness was only 240 nm, two orders of magnitude smaller (127). 
 
The shear bond strength results indicated that the surface of the zirconia ceramics could 
improve resin bond strength through the use of a nanostructured alumina coat by a 
remarkable factor of 2-4. It was discovered that prior to coating, neither polishing nor air-
particle abrasion of the substrate played a significant role in bonding. Thus, it can be 
presumed that the alumina coating is primarily responsible for increasing the surface 
area, regardless of the original surface treatment. None of the specimens tested exhibited 
decreased bond strength after exposure to thermo-cycling (127). Another study by Lee et 
al. (2017) revealed that nanostructured alumina coating Y-TZP offered significantly 
greater bond strength between zirconia and various dual-cured resin cements than other 
surface treatment methods did (128). Their proposed method offers many benefits over 
traditional surface treatments. It did not introduce any surface defects that will impact the 
strength of Y-TZP ceramics. Nevertheless, the results of abrasion are still disputed (127). 
A wide range of thermal treatment temperatures have been employed (600-1000°C). 





950°C to allow the simultaneous firing of porcelain veneering and alumina coating for 
zirconia frameworks (127, 129). 
1.6 Chemical surface treatment of zirconia 
The general opinion is that increasing surface roughness increases micro-mechanical 
retention, which, in turn, increases shear adhesive ability. However, the adhesive may 
play a critical role, creating chemical bonding that could impact shear adhesive strength 
substantially more than it does micromechanical interlocking (130). 
Kern and Wegner (1998) found that following airborne-particle abrasion, the bond 
strength of traditional Bis-GMA resin cement did not remain stable for an extended 
period (50). Several resin cements with functional monomers have recently been 
produced to improve bond strength. The traditional Bis-GMA resin cement demonstrates 
early fracture tendencies due to poor bonding to zirconia material (49). The phosphate 
ester monomer 10-methacryloyloxydecyl dihydrogen phosphate (10-MDP), 4-
methacryloxyethyl trimellitic anhydride (4-META), and thiophosphoric acid 
methacrylate (MEPS) are the most common adhesive monomers that form a chemical 
bond to the oxide layer (55, 131).  
1.6.1 Phosphate ester monomer 
Several studies have investigated the use of primers containing phosphate monomers with 
an affinity for metal oxides, with 10-MDP being one of the most commonly used 





chemically. The vinyl group is the hydrophobic half of the amphiphilic structure, whereas 
the phosphate group is the hydrophilic half (133). Figure 1 illustrates the chemical bond 
between the 10-MDP monomer and zirconia, calcium in hydroxyapatite, and resin 
cement (85). The 10-MDP monomer works well as a bonding agent among resin cement, 
zirconia, and other metal oxides (134). Nagaoka et al. (2017) discovered that adhesion 
between 10-MDP and zirconia stemmed from hydrogen bonding as well as ionic bonding 
(135). Blatz et al. (2004) reported that resin cements containing the adhesive phosphate 
monomer of 10-MDP had the strongest shear bond strength (12).  
Several other studies have shown that resin cements containing 10-MDP monomers have 
higher bond strength than those containing other monomers do (136, 137). Clearfil SA 
cement, which contains a phosphate monomer, had substantially higher shear bond 
strength than the other experimental resin cements with airborne-particle abrasion or 
tribochemical silica coatings did (128). Airborne-particle abrasion combined with 
Panavia F2, a 10-MDP–containing resin luting agent, provided sufficient bond strength, 
whereas resin luting agents lacking such monomers were unable to bond densely sintered 
zirconia and alumina dental ceramics (59). However, MDP-containing resin cement can 
deboned with use (23), and according to other studies, it is susceptible to aging instability 
(138, 139). The bond formed between an acidic phosphate monomer and zirconia was 
vulnerable to hydrolysis upon water storage (50, 54, 140, 141). Conversely, due to its 
lengthy carbonyl chain, the 10-MDP acidic functional monomer has been assessed as 





MDP–containing Clearfil Esthetic Cement (Kuraray) was significantly higher than that 
for the self-adhesive resin of RelyX Unicem (3M ESPE), regardless of the surface 
treatment (136). Meanwhile, another study revealed that applying a dual-cure resin 
cement system containing 10-MDP functional monomers in both the silane coupling 
agent (Clearfil Ceramic Primer, Kuraray) and the resin cement matrix (Panavia F 2.0, 
Kuraray) to a sandblasted ceramic substrate may be critical for successful bonding to 
zirconia structures in all-ceramic restorations, regardless of the granulometry of the 
sandblasting (65). Regarding the use of other functional groups, such as phosphate esters, 
a relatively higher bond strength was demonstrated by the RelyXUnicem resin cement, 
including multifunctional phosphoric acid methacrylic and alkaline fillers (142, 143). A 
study by Salem et al. compared three primer/cement systems and found that the self-
adhesive phosphate monomer of the Panavia SA cement of the Kuraray system has the 
highest bond strength, followed by the 3M system (Single Bond Universal Adhesive/ 
RelyX Ultimate adhesive resin cement), which has methacrylate monomers. The Bisco 
system, which is a conventional Bis-GMA resin cement, achieved the lowest shear bond 
strength. Although all of the tested groups underwent surface pre-treatment with MDP-







Figure 1. A molecular model demonstrating the chemical bonding of 10-
methacryloxydecyl dihydrogen phosphate (MDP) to zirconia (85). 
1.6.2 Light curing 
Factors including the proper curing of resin cement, the resin cement form, features of the 
light-curing apparatus, and the light activation protocol used could affect the bond 
between the ceramics and the dental substrate (145). The placement of ceramic materials 
between the light source and the cement affects the degree of conversion and the hardness 
of the resin (146). It has been claimed that the thickness of the interposing 
ceramic material impacts the transmission of light; the consensus is that thicker ceramics 
require longer irradiation times (147). Due to the opacity of the ceramic, auto-





techniques, auto-curing for Panavia 21 and dual curing for Panavia F, can account for the 
difference in the bond strength between the two Panavia materials (49). Light-cured resin 
cements have been shown to have a higher conversion rate and superior mechanical and 
chemical stability (47). Many resin composite cements are dual-curing, which means they 
have both light and self-curing activation mechanisms, thus allowing cement 
polymerization in locations when light is insufficient. In a study comparing two dual-cure 
resin cements, Panavia F2.0 (contained 10-MDP monomer) and Duo Link resin cements, 
it was found that the degree of conversion of Panavia F2.0 cement was lower than that of 
Duo Link cement (149). The difference in the degree of conversion suggested that 
Panavia F2.0 cement depends more on light irradiation (150) due to the presence of an 
MDP monomer, which reacts chemically with the amine initiator and the impaired 
chemical polymerization (151). The degree of conversion was determined based on the 
resin cement used as well as the method of light curing (149). Dual-cured resin cements 
activated by light may obstruct the self-curing (chemical polymerization) mechanism 
(150). Although the intrinsic optical qualities of zirconia ceramic are appealing to the 
eye, light attenuation prevents the photopolymerization of dual-cured resin cement 
beneath zirconia-based indirect restorations, and when photopolymerization is impaired, 
the additional chemical polymerization mechanism is effective. Nonetheless, the proper 






1.7 The effect of aging on crown retention  
The most common in vitro aging conditions under which researchers have measured the 
stability of resin bonds are long-term water storage and thermal cycling (TC). Both 
assessments are clinically important aging measures (152-154). When artificially aged, 
bond strengths decreased in multiple industrial bonding systems used to bind zirconia 
(50, 84, 155). Thermal cycling is a common method of simulating intraoral stress on 
bonding interfaces. Several resin-bonding strengths decreased after thermal cycling after 
the abrasion of the zirconia surfaces (49, 52, 59). 
Initially, the linking strength between the silica-coated surface and resin cement was high 
but decreased following long-term storage or thermal cycling (87).  Thermal cycling did 
not affect the nanostructured alumina coated groups’ bond strength. Furthermore, all of 
the coated groups withstood thermal cycling with no noticeable loss of strength (127). 
This result can be attributed to the formation of a hybrid layer strong enough to withstand 
the degradation forces of the hydrothermal bond during thermal cycling (156, 157). After 
one month of storage, Pace et al. (2007) reported an increase in a dual MDP-based 
cement’s flexural strength, which they attributed to potential continued polymerization 
(158). However, this hypothesis has not been proved, and further research is needed.  
1.8 Statement of the problem  
Zirconia ceramics have not been found to bond to an abutment tooth because they cannot 
be etched. Furthermore, like other all-ceramic systems, the structures of zirconia ceramics 





The lost retention of a conventionally luted zirconia crown has been the most common 
technical complication (160). Clinical studies on the performance of zirconia FPDs 
revealed a loss of retention, especially when zinc phosphate cements were used as luting 
agents (161, 162). Under in vitro conditions, zinc phosphate cements and glass ionomer 
cements showed reduced retentive strength, whereas resin-modified glass ionomer 
cements and composite cements showed enhanced retentive characteristics (17). In 25 
experiments conducted on 1702 FPDs, the loss of retention or the fracture of the luting 
cement was investigated. The average annual complication rate was 0.64%, thus resulting 
in a 3.1% five-year failure rate. With an annual complication rate of 1.28% and a five-
year complication rate of 6.2%, densely sintered zirconia FPDs experienced significantly 
greater (p = 0.028) retention loss than the other FPD forms did. Annual complication 
rates for other forms of FPDs ranged from 0.42–0.58%, resulting in five-year failure rates 
of 2.1–2.9% (69). 
Many attempts have been made to improve the bond between cement and zirconia-based 
restorations. The results of studies investigating the shear bond strength of many cements 
on a zirconium oxide surface after various pre-treatments have been inconsistent (12, 23, 
27, 50, 52, 58, 59, 84, 163). On the other hand, in vitro research and systematic reviews 
concur that a combination of micromechanical and chemical pre-treatment is required for 
long-term resin bond durability (52-54, 164). Sandblasting with silica-coated particles 
(which enables the association of silane primers) and traditional alumina sandblasting are 





promoters, such as 10-MDP-based products). The latter, on the other hand, demonstrates 
less evidence of long-term stability. Other methods involving zirconia silicatization have 
yielded promising results that must be validated through additional research. An adhesion 
protocol that provides unquestionable results has not yet been identified (165). 
 
1.9 Objectives  
The aim of this in vitro study was to 
• Evaluate the effect of various zirconia surface pre-treatments on their bond 
strength to various cements. 
• Evaluate the effect of various cement types on their bond strength. 
• Evaluate the effect of accelerated aging on the adherence of bonding cements to 
zirconia.  
1.10 Hypotheses  
• No significant differences exist in the effects of various zirconia surface pre-
treatments on bond strength to various cements. 
• No significant differences exist in the effects of various cement types on their 
bond strength to zirconia. 









Figure 2. Zirconia Y-TZP powder used in the study. 
 
2.1.2 Cement systems used in the study  
The self-adhesive resin cements tested in this study include: 
o Bifix SE (VOCO) (Lot no. 1750518/shade; white opaque) 
o Maxcem Elite chroma (Kerr) (Lot no. 6706311/shade; clear)  
o Panavia SA Cement Plus Automix (Kuraray) (Lot no. B20248 /shade; A2) 
o RelyX Unicem2 (3M ESPE) (Lot no. 3731471/ shade; TR) 
o ThermaCem (Bisco) (Lot no. 1800000012) 
The self-etch resin cements tested in this study include: 
o Multilink Automix (Ivoclar Vivadent) (Lot no. W38314) 










Figure 3. Titanium abutment pin. 
 
2.1.4 Zirconia surface treatment materials used in the study 
• Aluminum oxide particles, 50-125 µm (Renfert GmbH, Hilzingen, Germany) 
• CoJet Sand (3M ESPE, St. Paul, USA) blast-coating agent, 30 µm (Lot no. 
3469849) (Figure 4) 
• Aluminum nitride powder, 10 µm, 98% ≤ (Aldrich, St. Louis, MO, USA) (Lot no. 






Figure 4. CoJet Sand (3M ESPE, Seefeld, Germany). 
 
Figure 5. Aluminum nitride powder (Aldrich, St. Louis, MO, USA). 
2.1.5 Equipment used in the study 
• Airborne-particle abrasion machine (Renfert, Hilzingen, Germany)  
• Computer numerical controlled machine (EMCO GmbH, Hallein, Austria) 





• Field emission SEM variable pressure (FE-SEM VP), SU6600 (Hitachi, Japan) 
• EDS system with a silicon-drift detector (SDD) Aztec X-Max 50 (Oxford 
Instruments Nanoanalysis, UK) 
• Fisher Scientific Oven (Thermo scientific, OH, USA) 
• Incubator (Precision-Economy Incubator, Precision Scientific, Winchester, VA, 
USA)  
• Instron 5566A Universal Testing Machine (Instron, Norwood, MA, USA) 
• IsoMet 5000 Linear Precision Cutting Machine (Buehler, Lake Bluff, IL, USA) 
• Keyence Zoom 3D VHX 7000 digital microscope (Osaka, Japan) 
• Pressing machine, hydraulic unit model #3912. (Carver Inc, Wabash, IN, USA).  
• Thermocycling machine (Sabri Dental Enterprises, Grove, IL, USA)  
• Sintering oven: Vita ZYrcomat furnace (VITA North America, Yorba Linda, CA. 
USA)  
• Sintering oven: Vulcan 3-550 furnace (Dentsply, PA, USA) 
• Quantrex L&R Ultrasonics (L&R manufacturing, NJ, USA) 
2.2 Methods 
2.2.1 Study design  
In this in vitro study, a statistical method called a design of experiment (DOE) was used to 
establish the sequence of tests for the assignment of the specimen group. The study used 
the JMP Pro 15 (SAS Institute; Cary, NC, USA) Customer Design feature with the 





treatment. The statistical DOE system assigned the testing sequence, and the total number 
of specimens was 64. Thus, for each of the specimen preparations, the software created and 
made various random assignments of the three factors. Personal bias is essentially 
eliminated, and uncontrollable confounding factors are averaged using randomization and 
grouping into groups. The multifactor linear regression model enables the detection of an 
effect of the three tested parameters with smaller sample sizes and greater confidence. 
2.2.2 Zirconia specimen preparation  
A crown-abutment simulation system was constructed using a custom-made zirconia 
tapered ring model and tapered titanium abutments. A die press mold (Pober Industries 
Co., Waban, MA, USA) was used to uniaxially press zirconia powder into tapered ring-
shaped specimens. Five tools in the die set were used to make the dry-pressed zirconia 







Figure 6. A die press mold (Pober Industries Co., Waban, MA, USA) used to press 
zirconia powder into zirconia ring. 1. Extractor, 2. Short punch, 3. Tapered core 
pin, 4. Taper pin’s screw, 5. Screw driver, 6. Cleaning instrument for long punch, 7. 
Push-out ring, 8. Die, and 9. Long punch. 
 
TZ-3YSB-E powder (3.2 g) was weighed on an electronic scale and used in the dry press 
process for each specimen. The TZ-3YSB-E powder was evenly poured in the die set and 
pressed for 30 seconds at a load of 2600 pounds (1200 kg) in a Carver pressing machine 
(Figure 7 and Figure 8). The die set was then dismantled to produce a pressed TZ-3YSB-
E cylindrical specimen with a tapered aperture. 
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Figure 7. Uniaxial Carver pressing machine used to press zirconia powder. 
 







The pre-sintered zirconia rings were carefully separated and placed in a safe place until 
they were ready for sintering. Before sintering, the ring’s measurements were 12.8 mm for 
the outer diameter, 8.9 mm for the height, and 3.67 mm for the small inner diameter (Figure 
11). After each use, the die press assembly was washed with soap and water and was 
sprayed with WD-40 lubricant (WD-40 Company, San Diego, U.S.A) to eliminate any 
residual moisture and to ensure the smooth sliding of all components. 
The pre-sintered zirconia specimens were divided according to the DOE with the testing 
parameters of the surface treatment, cement system, and post-treatment.  
The specimens were fired in two stages according to the DOE: the first was done in a 
VULCAN 3-550 burnout furnace and consisted of three segments. The first segment 
involved heating to 500°C at a rate of 1°C/minute for 2h. The second segment included a 
1.2°C/minute temperature increase from 500-1100°C with a 2h hold time. The last and 
third segment of the first stage firing process was a 3.3°C/minute decreasing rate from 
1100-400°C and a one-minute holding time. This stage of firing took a total of 24h to 






Figure 9. Partial sintering (burnout) oven: Vulcan 3-550 furnace used for first firing 
stage of zirconia ring. 
After the first firing stage, during which partially sintered (PS) zirconia is produced, 
minimal dimension change occurred compared with pre-sintered zirconia; the partially 
sintered zirconia measurement was 12.7 mm for the outer diameter, 8.6 mm for the height, 
and 3.56 mm for the small inner diameter (Figure 12). 
The second firing stage was done in a Vita ZYrcomat furnace to produce fully sintered 
(FS) zirconia rings with an approximate shrinkage of 24%. A heating rate of 17°C/minute 
from room temperature to 1530°C with a holding time of 2h was used. The total amount of 
time for the firing process was 4h and 30 minutes. The average dimension of fully sintered 
zirconia rings was 3.67 mm for the large inner diameter, 2.80 mm for the small inner 





15 illustrates the difference in size between zirconia rings in the pre-sintered, partially 
sintered, and fully sintered stages. 
 







Figure 11. Pre-sintered zirconia ring. 
 



















Figure 15. Sizes of various zirconia sintered stages. A. pre-sintered, B. partially 
sintered, and C. fully sintered zirconia ring. 
 
 
2.2.3 Titanium abutment preparation 
The titanium abutment pin dimension measurement was 11.7 mm for the height, 3.67 mm 
for the large bottom diameter, and 2.12 mm for the small upper diameter a taper of 7.3°. 
The titanium pins were mounted on a computer numerical controlled machine and an 
airborne-particle abrasion (APA) nozzle (Renfert, Hilzingen, Germany) was fixed at a 
constant distance of 10 mm at a 90° angle from the pin to assure uniform surface treatment 
(Figure 16 and Figure 17). The pins were sandblasted with 125 µm aluminum oxide 
particles using 2.8 bar of pressure with 380 rpm for 20 seconds (Figure 18). Then, they 
were placed in an ultrasonic cleaning bath (Quantrex L&R) in de-ionized water for 10 





minutes and kept dry at room temperature prior to the cementing procedure. Figure 19 






Figure 16. Computer numerical controlled machine used to sandblast Titanium 
pins. 
 






2.2.4 Zirconia surface treatment  
Various zirconia surface pre-treatments were done. 
• Control group (C) 
The fully sintered zirconia ring had no surface treatment. 
• Airborne-particle abrasion of fully sintered zirconia (FS-Zr) 
The fully sintered zirconia ring was sandblasted with a 50 µm aluminum oxide particle size 
with an airborne-particle abrasion machine (Figure 20) using 2.8 bar of pressure at a 
distance of 2-5 mm for 10 seconds. Then, it was cleaned in an ultrasonic cleaning bath with 
de-ionized water for three minutes and dried in an oven (Fisher Scientific oven) for 30 
minutes in 85-100°C.  
 
Figure 20. Airborne-particle abrasion machine used to sandblast zirconia rings. 
• Airborne-particle abrasion of partially sintered zirconia (PS-Zr) 
The partially sintered zirconia ring was sandblasted with a 50 µm aluminum oxide particle 





10 mm for 10 seconds, then cleaned in an ultrasonic cleaning bath with de-ionized water 
for two minutes and dried in an oven (Fisher Scientific oven) for 2-4h at 85-100°C. The 
cleaned and dried rings were then placed in a Zyrcomat furnace to be fully sintered.  
 
• Tribochemical silica coating of fully sintered zirconia (FS-CoJet) 
A fully sintered zirconia ring was sandblasted with a 30 µm silica-coated aluminum oxide 
particle size with a micro-etcher unit (Zest Dental) using 2.8 bar of pressure at a distance 
of 2-5 mm for 10 seconds (Figure 21). Then, it was cleaned in an ultrasonic cleaning bath 
with de-ionized water for three minutes and dried in an oven (Fisher Scientific oven) for 
30 minutes at 85-100°C. After the silicatization process, silanization with the 3M ESPE Sil 
(St. Paul, USA) silane solution was applied to the intaglio surface prior to the cementing 
procedure. 
 
• Tribochemical silica coating of partially sintered zirconia (PS-CoJet) 
The partially sintered zirconia ring was sandblasted with a 30 µm silica-coated aluminum 
oxide particle size with a micro-etcher unit (Zest Dental) using 2.8 bar of pressure at a 
distance of 10 mm for 10 seconds. Then, it was cleaned in an ultrasonic cleaning bath with 
de-ionized water for two minutes and dried in an oven (Fisher Scientific oven) for 2-4h at 
85-100° C. The cleaned and dried rings were then placed in a Zyrcomat furnace to be fully 
sintered. After the silicatization process, silanization with the 3M ESPE Sil (St. Paul, USA) 






Figure 21. Micro-etcher unit with CoJet powder. 
 
 
• Nano-structured alumina coating of fully sintered zirconia (Nano-Al) 
Aluminum nitride (AlN) solution (diluted acquis suspension 3 wt.% AlN powder) is 
prepared from mixing 0.3 g of aluminum nitride powder (ALDRICH chemistry, Aluminum 
nitride, Lot no. MKBG1480V) (Figure 22) with 10 ml de-ionized water at a temperature 
of 75ºC. It was mixed for about 30 seconds. Then, the fully sintered zirconia ring was 
placed in the solution for 15 minutes (Figure 23). The temperature of the solution was 
raised to 80-85°C due to the exothermic nature of the reaction (Figure 24). Afterward, the 
zirconia ring was placed in an aluminum dish (Fisher Scientific oven) at 110ºC for 2h. 
Subsequently, the specimen was placed in a Vulcan 3-550 Furnace using a firing protocol 
consisting of two phases. The first phase involved raising the temperature from room 
temperature to 900ºC at a rate of 10ºC/minute for 1h. The second phase involved decreasing 






Figure 22. 0.3 g aluminum nitride powder measured on the scale. 
 







Figure 24. After mixing powder to de-ionized water, placing zirconia ring for 15 
minutes; temperature raised to 80-85°C  due to exothermic reaction. 
2.2.5 Cementing process  
The zirconia rings and titanium pins were prepared for the cementing procedure according 
to the manufacturers’ instructions. The 3M Sil silane solution was applied to the intaglio 
surface of the zirconia ring with a micro-brush, and the surface was kept undisturbed for 
five minutes prior to the cementing procedure to the FS-Cojet and PS-CoJet groups only.  
A cementing jig was used to standardize the cementing process of the titanium pins to the 
zirconia rings. The cements were applied to the intaglio surface of the zirconia rings and 
placed over the titanium pin slowly, then seated under the 1393.9 g weight load. Each 






with primer B (Lot no. 
S34662) 
Cem EZ Universal        
(Zest Dental) 
Prelude one (Lot no. 
L04V1) light cured for 10 
seconds 
APA with 125 um Al2O3, 
cleaned in ultrasonic bath 
for 10 minutes 
Ceramir C&B (Doxa) N/A APA with 125 um Al2O3, 
cleaned in ultrasonic bath 
for 10 minutes 
 
Cementing protocols: 
o Bifix SE (VOCO): 
(1) Ensure that the surfaces of both the titanium pin and the zirconia ring are 
thoroughly dry. 
(2) Apply Bifix SE cement to the inner surface of the zirconia ring. 
(3) Seat the zirconia ring gently onto the titanium pin, thus allowing the cement 
to flow from all margins to leave a slightly excess amount. 
(4) Place the zirconia-titanium complex under load and undisturbed for 60 
seconds to ensure full pin settlement and seating. 
(5) Remove the excess cement after brief polymerization (2-3 sec) with a #15c 
scalpel. 
(6) Final polymerization is done with a light cure unit (Bluephase 20i, Ivoclar 
Vivadent Inc., Schaan, Liechtenstein) for 20 seconds. 
(7) Leave the complex under load at least five minutes before storing it in 100% 





- Light cure intensity is measured before each use with a radiometer (L.E.D. 
Radiometer by Demetron, Kerr, WI, USA). The wavelength should be 700-
800 mW/cm2. 
o   Maxcem Elite chroma (Kerr):  
(1) Ensure that the surfaces of both the titanium pin and zirconia ring are 
thoroughly dry. 
(2) Apply Maxcem Elite chroma cement to the inner surface of the zirconia 
ring. 
(3) Seat the zirconia ring gently onto the titanium pin, allowing the cement to 
flow from all margins to leave a slightly excess amount. 
(4) Place the zirconia-titanium complex under load and undisturbed for 60 
seconds to ensure full pin settlement and seating. 
(5) Remove the excess cement after brief polymerization (2-3 seconds) with a 
#15c scalpel. 
(6) Final polymerization is done with a light cure unit for 20 seconds. 
(7) Leave the complex under load for at least five minutes before storing it in 
100% humidity in an incubator at 37°C. 
o  Panavia SA Cement Plus Automix (Kuraray): 
(1) Ensure that the surfaces of both the titanium pin and zirconia ring are 
thoroughly dry. 






(3) Seat the zirconia ring gently onto the titanium pin, allowing the cement to 
flow from all margins to leave a slightly excess amount. 
(4) Place the zirconia-titanium complex under load and undisturbed for 60 
seconds to ensure full pin settlement and seating. 
(5) Remove the excess cement after brief polymerization (2-3 seconds) with a 
#15c scalpel. 
(6) Final polymerization is done with a light cure unit for 20 seconds. 
(7) Leave the complex under load for at least five minutes before storing it in 
100% humidity in an incubator at 37°C. 
o  RelyX Unicem2 (3M ESPE): 
(1) Ensure that the surfaces of both the titanium pin and zirconia ring are 
thoroughly dry. 
(2) Apply RelyX Unicem2 cement to the inner surface of the zirconia ring. 
(3) Seat the zirconia ring gently onto the titanium pin, allowing the cement to 
flow from all margins to leave a slightly excess amount. 
(4) Place the zirconia-titanium complex under load and undisturbed for 60 
seconds to ensure full pin settlement and seating. 
(5) Remove the excess cement after brief polymerization (2-3 seconds) with a 
#15c scalpel. 
(6) Final polymerization is done with a light cure unit for 20 seconds. 
(7) Leave the complex under load for at least five minutes before storing it in 





o  ThermaCem (Bisco): 
(1) Ensure that the surfaces of both the titanium pin and zirconia ring are 
thoroughly dry. 
(2) Apply TheraCem cement to the inner surface of the zirconia ring. 
(3) Seat the zirconia ring gently onto the titanium pin, allowing the cement to 
flow from all margins to leave a slightly excess amount. 
(4) Place the zirconia-titanium complex under load and undisturbed for 60 
seconds to ensure full pin settlement and seating. 
(5) Remove the excess cement after brief polymerization (2-3 seconds) with a 
#15c scalpel. 
(6) Final polymerization is done with a light cure unit for 20 seconds. 
(7) Leave the complex under load for at least five minutes before storing it in 
100% humidity in an incubator at 37°C. 
o Multilink Automix (Ivoclar Vivadent): 
(1) Ensure that the surfaces of both the titanium pin and zirconia ring are 
thoroughly dry. 
(2) Apply Monobond Plus primer to the inner surface of the zirconia ring with 
a micro-brush. Allow the material to react for 60 seconds, then disperse it 
with a strong stream of air.  
(3) Mix Multilink Primer A and B in a 1:1 ratio, then apply it to the titanium 
pin with a micro-brush. Then, disperse the excess with blown air until the 





(4) Apply Multilink Automix cement to the inner surface of the zirconia ring. 
(5) Seat the zirconia ring gently onto the titanium pin, allowing the cement to 
flow from all margins to leave a slightly excess amount. 
(6) Place the zirconia-titanium complex under load and undisturbed for 60 
seconds to ensure full pin settlement and seating. 
(7) Remove the excess cement after brief polymerization (2-3 seconds) with a 
#15c scalpel. 
(8) Final polymerization is done with a light cure unit for 20 seconds. 
(9) Leave the complex under load for at least five minutes before storing it in 
100% humidity in an incubator at 37°C. 
o Cem EZ Universal resin cement with IntelliTek Technologhy(Zest Dental): 
(1) Ensure that the surface of both the titanium pin and zirconia ring is 
thoroughly dry. 
(2) Apply Prelude One to the inner surface of the zirconia ring with a gentle 
brushing motion for 20 seconds, then gently air dry for five seconds; 
continue with a stronger air stream for a minimum of five seconds. Light 
cure for 10 seconds. 
(3) Apply Cem EZ Universal cement to the inner surface of the zirconia ring. 
(4) Seat the zirconia ring gently onto the titanium pin, allowing the cement to 
flow from all margins to leave a slightly excess amount. 
(5) Place the zirconia-titanium complex under load and undisturbed for 60 





(6) Remove the excess cement after brief polymerization (2-3 seconds) with a 
#15c scalpel. 
(7) Perform final polymerization with a light cure unit for 20 seconds. 
(8) Leave the complex under load for at least five minutes before storing it in 
100% humidity in an incubator at 37°C. 
o Ceramir C&B (Doxa)  
(1) Ensure that the surfaces of both the titanium pin and zirconia ring are 
thoroughly dry. 
(2) Push the plunger into the body of the capsule, and immediately place it in a 
rotating capsule mixer for eight seconds. 
(3) Apply Ceramir C&B cement to the inner surface of the zirconia ring with 
an applicator. 
(4) Seat the zirconia ring gently onto the titanium pin, allowing the cement to 
flow from all margins to leave a slightly excess amount. 
(5) Place the zirconia-titanium complex under load and undisturbed for two 
minutes to ensure full pin settlement and seating. 
(6) Remove the excess cement with a #15c scalpel. 
(7) Leave the complex under load for at least five minutes before storing it in 






Figure 25. Zirconia ring and titanium abutment pin prior to cementing procedure. 
 
Figure 26. Measuring light cure unit intensity before cementing process. 
 







Figure 28. Using blade #11C to remove excess cement. 
 











2.2.6 Accelerated aging process 
After the zirconia rings were cemented to the titanium pins, they were stored in an incubator 
at 37°C for 24h. According to the DOE, the groups assigned for thermocycling were placed 
in a thermocycling machine after calibration and preparation for use (Figure 31).  
The specimens were aged for 20,000 cycles in cold/hot water baths (5°C and 55°C, 
respectively) with a dwell time of 30 seconds and a transfer time of 15 seconds. After the 





an additional 10 days. The total storage time was 30 days: 20 days in a thermocycling 
machine and 10 days in an incubator. 
Afterward, all of the bonded specimens were subjected to retention strength testing using 
an Instron 5566A universal testing machine. 
 
Figure 31. Thermocycling machine (Sabri Dental Enterprises, Grove, IL, USA). 
 
2.2.7 Retention test  
An Instron 5566A Universal Testing Machine with a 10 kN load cell was used to obtain 
the retention values (Figure 32). The bond strength between the zirconia ring and the 
titanium pin was tested using a pullout test. The pullout test is a method of materials testing 
in which a specimen is subjected to gradually escalating uniaxial tension until failure 





holder that allowed the core to be extruded during testing. The titanium pin was attached 
to a three-jaw chuk connected to a 10 kN load cell in the crosshead of the testing machine. 
A custom fixture was used to grip the zirconia components. The tensile crosshead speed of 
0.5mm/min was controlled using BlueHill 4.01 software (Instron, Norwood, MA, USA) 
(Figure 33). The maximum load to failure was measured, and the retention strength values 
were determined using the following formula: 
Retention strength (MPa) = Load (N) / surface area  
Where: 
Load = maximum load to failure in N.  
Surface area = 2πrh 
r = mean inner radius of specimen (mm) 






Figure 32. Instron 5566A Universal Testing Machine used for pullout test. 
 
Figure 33. Zirconia-titanium complex was placed where titanium pin was attached 
to a three-jaw chuck connected to a 10 kN load cell in upper head of the Instron 
machine. A custom fixture was used to grip the zirconia components at a crosshead 






2.2.8 Failure Analysis  
After retention strength testing, the zirconia rings and titanium pins were checked for their 
failure modes. The failure mode was checked using an optical microscope with fiber-optic 
trans-illumination. Most specimens were examined using an IVS FSF Metallurgical 
Microscope (Zeiss, Germany) (Figure 34). 
 
Figure 34. IVS FSF Metallurgical Microscope (Zeiss, Germany) used to examine 
specimen for failure mode. 
For the zirconia rings’ preparation: 
The zirconia rings were collected and labelled after retention strength testing. Each zirconia 
ring was embedded in clear epoxy resin (Buehler EpoxiCure,IL,USA) after mixing 
according to the manufacturer’s instruction and was placed in a circular mold. Vaseline 
was applied in the wall of the mold for the easy extraction of material. After the setting of 





longitudinally using a diamond blade with an IsoMet 5000 (Figure 35). The two halves of 
the zirconia ring were labelled again and polished in an EcoMet 250 grinder-polisher 
machine (Buehler, Lake Bluff, IL, USA) using 70 µm, 45 µm, and 15 µm diamond grinding 
discs (Figure 36). Then, further polishing was done with a 6 µm and 1 µm Nylon cloth disc 
with diamond paste, and the complex was cleaned in an ultrasonic bath in de-ionized water 
for five minutes after each polishing step. The zirconia rings were kept to dry at room 
temperature before being checked under the IVS FSF Metallurgical Microscope (Zeiss, 






Figure 35. Zirconia ring was sectioned in IsoMet 5000 longitudinally. 
 






Figure 37. Sectioned zirconia ring embedded in clear epoxy resin to be examined 
under light microscope and SEM. 
For the titanium pins: 
No preparation was needed. The titanium pins were attached to a glass slab using a putty 
material and checked under a light microscope (Figure 38). 
 
Figure 38. Titanium pins attached to glass slab using putty material under light 
microscope. 
Randomly selected specimens from each group were examined with a Hitachi SU6600 






Figure 39. Field emission scanning electron microscope (FE-SEM).  
The mode of failure was classified as one of the following: cohesive failure of the cement, 
adhesive, and mixed. 
Cohesive failure of the cement: when approximately 75% or more of the residual luting 
cement was left in the zirconia inner surfaces. 
Adhesive failure: when 25% or less of the cement residue was left in the zirconia inner 
surfaces. 
Mixed failure: when the cement residue fell between the limits above (143). 
2.2.9 Statistical analysis  
The descriptive analysis was recorded as the mean retention strength (MPa) and standard 
deviations (SD). Differences in retention tensile strength were compared, with the type of 





variables. The data were found to be normally distributed. The statistical analysis was 
performed using JMP Pro 15 software (SAS, Cary, NC). In addition, one-factor analysis of 
variance (ANOVA) was performed. When significant differences were identified, the 
means were compared using post-hoc Tukey multiple comparison. The statistical 
significance was set at p < 0.05. A multifactor least squares fit regression model was used 
to investigate the effect of the independent variables on retention strength, and the post hoc 
Tukey test was used to detect statistical differences among the levels. Effect experiments 





Chapter 3. RESULTS 
The retention force (N) of the zirconia rings to the titanium abutment pins was evaluated 
using a pullout test. Four key factors were investigated in this study: zirconia surface pre-
treatment, cement type, post-treatment, and firing effect. A collection of statistical 
analyses, including descriptive analysis and one-factor analysis of variance (ANOVA), was 
performed. When significant differences were identified, means were compared using post 
hoc Tukey multiple comparison tests. The statistical significance was set at p < 0.05. The 
mean, standard deviation, and coefficient of variance of load to failure of various types of 
cements with various zirconia surface pre-treatments were included in the descriptive 
study. The effect of various factors that interact and influence the retention force was then 
controlled using a linear regression model. After the influence of other covariates was 
corrected in the regression model, it was possible to measure and determine the sole effect 
of each factor on the mean load to failure in this statistical study. 
3.1 Least squares means fit  
The regression models showed R square= 0.98, which indicated that a 98% variance could 
be predicted by the established model, and p-value=0.0018, which indicated significant 
effect(s) (Figure 40). The tested factors had a significant effect on the retention force. The 
dominant effects on the retention force were zirconia surface pre-treatment (p < 0.00001), 
cement types (p = 0.00018), and post-treatment (p = 0.049) (Table 4). Thus, the anticipated 
null hypothesis was rejected. No significant differences in the retention bond strength of 





bond strength of the interaction among any of the four factors were found (zirconia surface 
treatment, cement type, post-treatment, and firing effect) (Table 4).  
Post hoc Tukey multiple comparison tests were performed to identify groups with 
significant differences (p < 0.05). A significant effect of zirconia surface pre-treatment on 
the retention force was found (p < 0.0001). Table 5 and Figure 42 show the least squares 
means of the retention force for various surface pretreatments, and a significant difference 
was found between nano-structured alumina surface treatment and the control group (p < 
0.0001). A significant difference was found between the nano-structured alumina group 
and the airborne-particle abrasion group (p = 0.0031). In addition, a significant difference 
was found between the nano-structured alumina group and the tribochemical group (p = 
0.0052). A significant difference was additionally found between the airborne-particle 
abrasion group and the control group, as well as between the tribochemical group and the 
control group (p = 0.0001 and p = 0.0003, respectively). No significant difference was 
found between the airborne-particle abrasion and tribochemical groups (p = 0.99). 
Post hoc Tukey multiple comparison tests were also performed to identify groups with 
significant differences (p < 0.05). A significant effect of cement type on retention force 
was found (p < 0.0002). Table 6 and Figure 43 show the least squares means of the retention 
force to various cement types. A significant difference was found between Multilink AM 
cement and the following cements: Maxcem Elite, Ceramir CB, BiFix, RelyX Unicem2, 
and Panivia SA cements (p = 0.0005, p = 0.001, p = 0.0011, p = 0.0166, and p = 0.0292, 
respectively). In addition, a significant difference was found between Cem EZ cement and 





= 0.0036, and p = 0.0039, respectively. A significant difference was found between 
TheraCem cement and the following cements: Maxcem Elite, Ceramir CB, and BiFix 
cements (p = 0.0068, p = 0.0161, and p = 0.0181, respectively). No significant differences 
were found between the other cements (Table 6 and Figure 43). 
Post hoc Tukey multiple comparison tests were furthermore performed to identify groups 
with significant differences (p < 0.05). A significant effect of post-treatment on the 
retention force was found (p = 0.049). Table 7 and Figure 44 show the least squares means 
of the retention force to the post-treatment effect. A significant difference was found 
between the 24h and aging groups (p = 0.049). 
Desirability measures how well a set of variables meets the objectives that one has set for 
the responses. Desirability is measured on a scale of zero to one. One represents the perfect 
situation, whereas zero means that one or more answers are out of bounds. Figure 41 
showed a 0.88 desirable factor, which indicates fully sintered zirconia treated with nano-
structured alumina surface treatment cemented to a titanium abutment with TheraCem 












Figure 40. Plot of actual retention force (N) and predicted retention force (N) from 




Figure 41. Prediction profiler of the four factors (firing, surface treatment, post-











Figure 44. Mean retention force (N) with post-treatment effect. Each error bar is 
constructed using 1 standard deviation from the mean. * Levels not connected by 





3.2 The effect of zirconia surface pre-treatment on retention force 
A pull-out test was performed to evaluate retention force of four zirconia surface pre-
treatments. The mean retention force (N), mean retention strength (MPa), and standard 
deviation (SD) are statistically significant and are shown in Table 8 and Figure 45. 
A one-factor analysis of variance (ANOVA) was used to analyze the statistical differences 
between groups. Statistical significance was set at p < 0.05.  A statistically significant 






* Levels not connected by the same letter are significantly different. 
 
 
Figure 45. Mean retention strength (MPa) with various zirconia surface pre-
treatments. Each error bar is constructed using one standard deviation from the 
mean. Levels not connected by the same letter are significantly different. 
 
3.3 The effect of cement types on retention strength: 
A pullout test was performed to evaluate the retention force of eight cement types. The 
mean retention force (N), mean retention strength (MPa), and standard deviation (SD) are 
statistically significant and are displayed in Table 9 and Figure 45.  
A one-factor analysis of variance (ANOVA) was used to analyze the statistical differences 
among the groups. The statistical significance was set at p < 0.05. A statistically significant 
difference in retention strength was found among the groups tested (p = 0.0038) (Table 9).  







Figure 46. Mean retention strength (MPa) with various cement-type groups. Each 
error bar is constructed using one standard deviation from the mean. Levels not 
connected by the same letter are significantly different. 
 
3.4 The effect of post-treatment on retention strength: 
A pullout test was performed to evaluate the retention force with the influence of the post-
treatment effect. The mean retention force (N), mean retention strength (MPa), and 
standard deviation (SD) are statistically significant and are displayed in Table 10 and 
Figure 47.  
A one-factor analysis of variance (ANOVA) was used to analyze the statistical differences 
between the groups. The statistical significance was set at p < 0.05. No statistically 







Figure 47. Mean retention strength (MPa) of post-treatment effect. Each error bar 
is constructed using one standard deviation from the mean. * Levels not connected 
by the same letter are significantly different. 
 
 
3.5 Effect of firing on retention strength 
A pullout test was performed to evaluate the retention force with the influence of the firing 
effect. The mean retention force (N), mean retention strength (MPa), and standard 
deviation (SD) are statistically significant and are displayed in Table 11 and Figure 48.  
An ANOVA was used to analyze the statistical differences among the groups. The 
statistical significance was set at p < 0.05. No statistically significant difference in retention 
strength was found among the groups tested (p = 0.7) (Table 11).  







3.6 Microstructure examination 
The zirconia internal surface and titanium abutment were examined using an IVS FSF 
Metallurgical Microscope and SEM to reveal the microstructure of the material after 
surface pre-treatments, the de-bonded specimens, and the cement thickness. 
3.6.1 Zirconia surface pre-treatment 
An SEM was used to examine the microstructure of the zirconia after the pre-treatment of 
the surface. Figures 49 to 58 illustrate various zirconia surface pre-treatments before the 
cementing process: airborne-particle abrasion of fully sintered zirconia, airborne-particle 
abrasion of partially sintered zirconia, tribochemical blasting of fully sintered zirconia, 
tribochemical blasting of partially sintered zirconia, and nano-structured alumina treatment 
of fully sintered zirconia. Figures 49 and 50 reveal SEM images of the airborne-particle 
abrasion surface pre-treatment of zirconia in the fully sintered stage. The images show 
surface scratches of zirconia material after sandblasting with 50 µm aluminum oxide 
particles. Figure 51 reveals an SEM image of a fully sintered zirconia surface treated with 
airborne-particle abrasion with 50 µm aluminum oxide particles in the partially sintered 
stage. The image shows multiple depressions and a rough surface in comparison with the 
previous treatment. Figure 52 illustrates an SEM image of a fully sintered zirconia surface 
treated with tribochemical treatment using CoJet sand with 30 µm silica coated aluminum 
oxide particles. The image reveals multiple scratches of the zirconia surface with the 
embedment of the sandblast material. Figure 53 shows an EDS spectrum revealing the 





illustrates an SEM image of fully sintered zirconia treated with tribochemical treatment 
using CoJet sand with 30 µm silica coated aluminum oxide particles in the partially sintered 
stage. It reveals a shallow depression with some sandblast embedment particles. Figure 55 
shows the EDS spectrum analysis of the zirconia surface. One can see aluminum with a 3.3 
wt% and with no silica component. Figures 56 and 57 illustrate SEM images of the fully 
sintered zirconia surface covered with a nano-structured alumina layer, showing a plate-
like structure in a perpendicular arrangement. Figure 58 illustrates the EDS spectrum of 












Figure 53. EDS spectrum analysis of zirconia treated with tribochemical treatment 









Figure 55. EDS spectrum of zirconia on the area of #430 in Figure 54, showing 








Figure 56. SEM image with 50,000x magnification of nano-structured alumina layer 
formed on zirconia surface, showing perpendicular plate-like structures. 
 
 
Figure 57. SEM image with 20,000x magnification of nano-structured alumina 








Figure 58. EDS spectrum of nano-structured aluminum layer with 10,000x 






3.6.2 Failure mode 
After the retention strength test (pullout test) was done, the failure pattern of the de-bonded 
specimens exhibited a wide range of failure modes.  
Cohesive failure of the cement: when approximately 75% or more of the residual luting 
cement was left on the zirconia inner surface.  
Adhesive failure: when 25% or less remained on the zirconia inner surface. 
Mixed failure: when the percentage of the residual luting cement fell between the limits 
above.  
The count of the failure modes of the de-bonded specimens is summarized in Tables 12, 
13, and 14. The mean percentages of the failure modes observed are displayed in Figures 
58, 59, and 60. A one-factor ANOVA was used to analyze the statistical differences 
between the retention strength (MPa) and failure modes. The statistical significance was 
set at p < 0.05. A statistically significant difference in the retention strength was found 
among various types of failure modes (p < 0.0001) (Table 12). The adhesive type of the 
failure mode was related to low retention strength, whereas increased retention strength 
was related to the cohesive and mixed types of failure modes. The contingency analysis of 
the surface treatment by failure mode revealed a significant difference (p = 0.0061). The 
nano-structured alumina group, which exhibited the highest retention strength, 
demonstrated the cohesive failure type, whereas the control group, which exhibited the 
least retention strength, demonstrated the adhesive failure type (Figure 60). The 
contingency analysis of the failure mode by cement showed no significant difference (p = 









Figure 61. Various cement types with failure mode. 
 
3.6.2.1 SEM images of zirconia failure mode 
Selected SEM images from each group are displayed in Figures 62 to 77. Figure 62 
illustrates an SEM image of the zirconia surface treated with APA in the partially sintered 
stage cemented with Cem EZ cement, with thermocycling aging post-treatment showing 
cement detached from the zirconia surface. Figure 63 shows the EDS spectrum of the Cem 
EZ cement content. Figure 64 reveals an SEM image of the zirconia surface treated with 
CoJet in the fully sintered stage, cemented with BiFix cement. The 24h post-treatment 
shows cement attached to the zirconia surface. Figure 65 shows the EDS spectrum of the 
BiFix cement content. Figure 66 displays an SEM image of the zirconia surface treated 





thermocycling aging post-treatment showing cement detached from the zirconia surface. 
Figure 67 exhibits the EDS spectrum of the Panavia cement content. Figure 68 reveals an 
SEM image of the zirconia surface treated with nano-structured alumina and cemented with 
TheraCem cement, with the thermocycling aging post-treatment showing cement attached 
to the zirconia surface. Figure 69 shows the EDS spectrum of the zirconia material, whereas 
Figure 70 reveals the EDS spectrum of the TheraCem cement content. Figure 71 illustrates 
the EDS spectrum of the possible nano-structured alumina layer content, which had a 0.5 
wt% aluminum molecule in contrast to the zirconia material, which had a 0.2 wt%. Figure 
72 shows an SEM image of the zirconia surface treated with nano-structured alumina 
cemented with Ceramir CB, with the thermocycling aging post-treatment showing part of 
the cement attached to the zirconia surface. Figure 73 illustrates the EDS spectrum of the 
Ceramir CB cement content. Figure 74 exhibits the EDS spectrum of the possible nano-
structured alumina with a 1.6 wt% of the aluminum molecule content. Figure 75 shows an 
SEM image with a close-up view of the nano-structured layer. Figure 76 illustrates the EDS 
spectrum of the zirconia material content, whereas Figure 77 reveals the EDS spectrum of 
the nano-structured alumina layer. The zirconia material showed no aluminum content, 











Figure 62. SEM image with 500x magnification of zirconia surface treated with APA 
in partially sintered stage cemented with Cem EZ cement, with TC aging post-
treatment showing cement detached from zirconia surface. 
 
 





Figure 63. EDS spectrum of zirconia surface treated with APA in partially sintered 








Figure 64. SEM image with 1000x magnification of zirconia surface treated with 
CoJet in fully sintered stage, cemented with BiFix cement, with 24h post-treatment 
showing cement attached to zirconia surface. 
 






Figure 65. EDS spectrum of zirconia surface treated with CoJet in fully sintered 








Figure 66. SEM image with 500x magnification of zirconia surface treated with 
CoJet in fully sintered stage cemented with Panavia cement, with TC aging post-
treatment showing cement detached from zirconia surface. 
 







Figure 67. EDS spectrum of Panavia cement content on zirconia surface treated 









Figure 68. SEM image with 1000x magnification of zirconia surface treated with 
nano-structured alumina and cemented with TheraCem cement, with TC aging 
post-treatment showing cement attached to zirconia surface. 
 
 







Figure 69. EDS spectrum of zirconia surface treated with nano-structured 










Figure 70. EDS spectrum of zirconia surface treated with nano-structured alumina 








Figure 71. EDS spectrum of zirconia surface treated with nano-structured alumina 








Figure 72. SEM image with 2000x magnification of zirconia surface treated with 
nano-structured alumina cemented with Ceramir CB, with TC aging post-treatment 
showing part of cement attached to zirconia surface. 
 







Figure 73. EDS spectrum of zirconia surface treated with nano-structured alumina 
cemented with Ceramir CB, revealing cement content. 
 
Figure 74. EDS of zirconia surface treated with nano-structured alumina cemented 







Figure 75. SEM image with 5000x magnification of zirconia surface treated with 
nano-structured alumina cemented with Ceramir CB; zoom-in view of Figure 70. 
 
 






Figure 76. EDS spectrum of zirconia surface treated with nano-structured alumina 
cemented with Ceramir CB, revealing zirconia content. 
 
Figure 77. EDS spectrum of zirconia surface treated with nano-structured alumina 






3.6.2.2 Light microscope photographs of zirconia surface failure mode 
Selected light microscope photographs of the zirconia failure modes are displayed in 
Figures 78 and 79. Figure 78 illustrates that the zirconia surface was treated with CoJet in 
the fully sintered stage and cemented with TheraCem cement, with the thermocycling aging 
post-treatment showing the area of cement attached to the zirconia surface. Figure 78 
shows the zirconia surface that was treated with APA in the fully sintered stage and 
cemented with Maxcem Elite cement, with the 24h post-treatment showing detached 









Unicem2 cement; it displays the top part of the titanium with cement covering the area. 
Figure 83 shows the titanium surface that was cemented to zirconia with multilink AM 
cement; it displays the top part of the titanium with cement covering the area. Figure 84 
shows the titanium surface that was cemented to zirconia with Panavia cement; it displays 
the top part of the titanium with cement covering the area. Figure 85 shows the titanium 
surface that was cemented to zirconia with Cem EZ cement; it displays the bottom part of 
the titanium with cement covering part of the area. Figure 86 shows the titanium surface 
that was cemented to zirconia with Maxcem Elite cement; it illustrates the top part of the 








Figure 80. Titanium surface under light microscope with x50 magnification; 
titanium was cemented to nano-structured alumina treated zirconia with Ceramir 








Figure 81. Titanium surface under light microscope with x50 magnification; 
titanium was cemented to zirconia control group with BiFix cement, with TC post-







Figure 82. Titanium surface under light microscope with x50 magnification; 
titanium was cemented to zirconia control group with RelyX Unicem2 cement, with 







Figure 83. Titanium surface under light microscope with x50 magnification; 
titanium was cemented to zirconia control with multilink AM cement, with 24h 







Figure 84. Titanium surface under light microscope with x50 magnification; 
titanium was cemented to CoJet-treated zirconia in fully sintered stage with Panavia 









Figure 85. Titanium surface under light microscope with x50 magnification; 
titanium was cemented to nano-structured aluminum–treated zirconia with Cem EZ 
cement, with TC post-treatment revealing bottom part of the titanium with cement 









Figure 86. Titanium surface under light microscope with x50 magnification; 
titanium was cemented to CoJet-treated zirconia in fully sintered stage with 
Maxcem Elite cement, with TC post-treatment revealing top part of the titanium 










3.6.2.4 Digital microscope photographs of debonded titanium pin abutments 
After the pullout test of the zirconia-titanium abutment was done, the titanium abutment 
pin exhibited more mixed and cohesive failure types (40.74% and 35.19%, respectively) 
than the adhesive type (24.14%) did. A Keyence Zoom 3D VHX 7000 digital microscope 
(x20 magnification) was used to examine various cements’ textures on the titanium 
abutment pin. Most resin cements illustrated a glossy, smooth texture in comparison with 
the acid-base reaction cement (Ceramir CB), which had a dull white appearance. Figures 










Figure 87. Titanium abutment pin under 3D digital microscope (x20 magnification), 
revealing mixed type of failure cemented to zirconia with no surface pre-treatment 






Figure 88. Titanium abutment pin de-bonded from zirconia, treated with APA, and 






Figure 89. Titanium abutment pin after it was de-bonded from zirconia with no 






Figure 90. Titanium abutment pin de-bonded from zirconia, treated with nano-







Figure 91. Titanium abutment pin that was de-bonded from zirconia with no 







Figure 92. Titanium abutment pin that was de-bonded from zirconia with no 







Figure 93. Titanium abutment pin after it was de-bonded from zirconia, treated 






Figure 94. Titanium abutment pin under 3D microscope revealed cohesive failure 
type of Maxcem Elite cement cemented to zirconia treated with CoJet surface pre-
treatment. 
 
3.6.3 Zirconia-titanium sectioned specimen and cement thickness  
Four zirconia specimens with various surface pre-treatments were cemented to titanium 
abutment pins with TheraCem cement: the control, airborne-particle abrasion of fully 
sintered zirconia, airborne-particle abrasion of partially sintered zirconia, and nano-
structured alumina surface pre-treatment. These specimens were sectioned to be viewed 





of the cement. Figure 95 illustrates the control group cemented to a titanium pin with 
TheraCem cement. It reveals a smooth zirconia surface with a rough titanium surface due 
to airborne-particle abrasion with 110 µm aluminum oxide particles. Figure 96 shows the 
airborne-particle abrasion of zirconia in the fully sintered group cemented to the titanium 
abutment pin with TheraCem cement. It reveals a slightly rough surface of zirconia due to 
the blasting treatment. Figure 97 shows the airborne-particle abrasion of zirconia in the 
partially sintered group cemented to the titanium abutment pin with TheraCem cement. It 
reveals a rougher surface of zirconia. Figure 98 illustrates zirconia in the nano-structured 
alumina zirconia group cemented to the titanium abutment pin with TheraCem. It shows a 
possible layer of alumina on top of the zirconia surface (Figure 99). The cement thickness 








Figure 95. SEM image with 500x magnification of zirconia in control group 
cemented to titanium abutment pin with TheraCem cement, revealing smooth 













Figure 96. SEM image of sectioned zirconia titanium interface under 500x 
magnification; zirconia was treated with APA in fully sintered stage and cemented 













Figure 97. Sectioned zirconia titanium under SEM with 500x magnification; 













Figure 98. Zirconia-titanium sectioned specimen under SEM with 500x 













Chapter 4. DISCUSSION 
This in vitro study was designed to compare the effect of zirconia surface pre-treatments 
on bond strength for various cements. Multiple clinical situations were anticipated and 
tested: the effect of zirconia surface pre-treatments, cement types, and the accelerated aging 
effect. 
A crown-abutment simulation system was used to assess the bond strength, which consisted 
of custom-made zirconia rings representing the crown, and with tapered titanium pins 
representing the abutment. The test of choice for determining retention strength was a 
pullout test. 
Whereas clinical trials are the best way in which to evaluate dental materials, laboratory 
studies can provide insight into the clinical outcome. The protocol in this study is thought 
to mimic clinical conditions because it allows for more variable control, is less technique 
dependent, and is relatively inexpensive compared with clinical research. 
4.1 The effect of zirconia surface pre-treatment on crown retention 
The first aim of the study was to compare the effects of zirconia surface pre-treatments on 
bond strength cemented to various cements. A significant effect of zirconia surface pre-
treatment on retention force was found (p<0.0001). Therefore, the null hypothesis, that no 
significant differences exist in the effects of various zirconia surface pre-treatments on 
bond strength to various cements, was rejected. The shear bond strength of zirconia to the 





Nano-structured alumina zirconia surface pre-treatment illustrated the highest bond 
strength (20.41±2.95 MPa) compared with other surface treatments in a statistically 
significant manner. A study by Lee et al. (2017) that compared various zirconia surface 
pre-treatments revealed that the zirconia group with the nano-structured alumina coating 
had a significantly higher shear bond strength compared with the groups treated with 
airborne-particle abrasion or the tribochemical silica coating (128). The results of this study 
are in agreement with other studies comparing zirconia surface treatment with airborne-
particle abrasion and a nano-structured alumina coating bonded with two cements, 
regardless of cement type. The nano-structured alumina coating had a higher bond strength 
in comparison with another group (167). In this study’s results, a statistically significantly 
higher bond strength of airborne-particle abrasion and tribochemical abrasion was achieved 
in comparison with the control group. 
On the other hand, no significant difference was found between the airborne-particle 
abrasion and tribochemical abrasion surface treatments, and the result was consistent with 
another study (168). Another study demonstrated that the dominant mechanism of zirconia 
core bonding to a dental resin agent is micromechanical retention, and the highest shear 
bond strengths were obtained through airborne-particle abrasion (101). Another study in 
agreement with the result showed SEM observations where both airborne-particle abrasion 
and tribochemical sandblasting produced similar roughened surfaces, implying a similar 
potential for micro-interlocking (85). This study’s results also supported this idea (Figure 





particle abrasion and tribochemical abrasion surface treatment of Y-TZP surfaces via an 
SEM evaluation. The efficacy of tribochemical sandblasting surface treatment has been 
demonstrated in previous studies, where a silica coating and silanization enhanced resin 
adhesion to the ceramic (83). In tribochemical blasting treatment, the abraded particles 
increase the roughness of the zirconia surface, whereas the silane bonding agent improves 
adhesion between the zirconia and the cement’s resin matrix (50). Another study 
demonstrated the effectiveness of tribochemical treatment was due to the impact of alumina 
particles covered by silica, which led to the embedment of silica particles on the zirconia 
surface and permitted the use of the silane coupling agent. Thus, it has a combined micro-
mechanical and chemical effect to enhance the bonding strength (169). The silane agent 
used for silanization increases the surface energy of the substrate, increases its wettability 
to resin, and promotes a chemical bond to resinous materials via cross-linkages with the 
methacrylate groups (23, 74, 82).   
In this study, no significant difference was found between the two abrasion methods, and 
this could be due to the limited amount of silica on the zirconia surface that reacted to the 
silane coupling agent. Due to the surface hardness of zirconia, Matinlinna et al. (2006) 
discovered that the amount of silica applied was insufficient for achieving silanization. The 
silicatization process, when carried out using a tribochemical system, is not uniform on the 
zirconia surface because some places still are not coated in silica (86). In this study, EDS 
analysis (Figure 52) showed some silicon- and aluminum-containing particles embedded 





containing particles were present when zirconia was blasted in the partially sintered stage 
(Figure 54). Similarly, the tribochemically sandblasted zirconia surface using EDS 
revealed both Si and Al particles (85). Studies showed that when a primer containing silane 
and 10-MDP is used instead of only silane, a stronger bond between the composite and the 
zirconia can be achieved. Where areas remain uncoated with silica, 10-MDP acts on the 
surfaces (170-172). 
In this study involving airborne-particle abrasion and tribochemical abrasion, the surface 
treatment of zirconia was done in the partially sintered stage and in the fully sintered stage. 
No significant difference was found between both treatments in the partially sintered or 
fully sintered stage, but with the tribochemically abrasion treatment, the result of the 
partially sintered stage was lower than that of the fully sintered stage. In a previous study, 
tribochemical surface treatments applied at various stages of sintering (partial or post 
sintering) resulted in variations in 3Y-TZP roughness and topography with lower micro-
shear bond strength in the partially sintered stage. The surface roughness was significantly 
greater for specimens receiving the tribochemical abrasion in the partially sintered stage 
group than for specimens in the fully sintered stage group. In one study, the fully sintered 
group’s specimens had a coarse surface with grooves, whereas the partially sintered group 
specimens had a more uneven surface (173), which is similar to that observed in this study 
(Figure 51 and Figure 53). These findings could be explained by the fact that the partially 
sintered zirconia has a lower level of hardness, resulting in a rougher surface. The 
tribochemical abrasion in the partially sintered stage achieved lower bond strength 





of a layer of silica on the surface of zirconia during the partially sintered stage, which 
became embedded in the zirconia during sintering shrinkage (174). In other words, silica 
is not exposed on the zirconia surface and cannot react with the silane coupling agent to 
achieve the chemical effect of the tribochemical treatment. 
On the other hand, airborne-particle abrasion in the partially sintered stage achieved a 
slightly higher bond strength than abrasion in the fully sintered stage did, although it was 
statistically non-significant. This could be explained by an increase in the roughness of the 
surface. A previous study revealed a high level of surface loss and a rougher surface with 
the tribochemical silica coating in the partially sintered stage than in the fully sintered stage 
(173).  
4.2 The effect of cement type on crown retention 
The second aim of the study was to compare the effects of cement types on their bond 
strength. In our study, a significant effect of cement types on their retention force was 
found (p<0.0002), so the null hypothesis, that no influence of cement types on their bond 
strength exists, was rejected. Multilink AM, Cem EZ, and TheraCem cements achieved the 
highest bond strength compared with other types of cement. These cements are resin 
cements with various functional monomers and adhesive systems. Meanwhile, BiFix, 
Ceramir CB, and Maxcem Elite achieved the lowest bond strength. The bond strength of 
Panavia SA and RelyXUnicem2 was in the middle, and both are self-adhesive resin 
cements. One of the major factors affecting the clinical success of an indirect restoration is 
the cementing technique used in adhesive dentistry. The recommended values for clinical 





of composite resin bonded to porcelain was ≤13MPa, the failure mode changed from 
cohesive failure in porcelain to the adhesive failure type between porcelain and composite 
resin (175). The study’s results showed a similar failure mode pattern. The mean adhesive 
failure mode was 10.95±5.29 MPa. The cement bond strength results in this study passed 
the recommended values for clinical bonding, with Maxcem Elite cement achieving the 
lowest bond strength, which was equal to 11.42±6.48 MPa. In general, the mean of the 
retention strength was 9.39±5.95 MPa for the control group, which did not receive any 
zirconia surface pre-treatment. With the combined effect of zirconia surface pre-treatment 
and cement type, for most cements in the control group, the retention strength was under 
10 MPa except for in the case of Multilink AM, Cem EZ, and TheraCem cements, which 
achieved the highest bond strength. However, no significant difference was found with 
other cements that did not receive surface treatment. The results of studies comparing 
various zirconia surface treatment methods are inconclusive. Some studies found that 
surface treatment improved zirconia bonding (54, 136), whereas others found that proper 
cement selection is the most important determinant (49, 50, 59, 84, 136). However, this 
study’s results demonstrated a significant effect of zirconia surface pre-treatment and 
cement types. 
 Multilink AM, Cem EZ, and TheraCem cements recorded the highest bond strength in a 
significant manner, regardless of the surface treatment. Multilink AM and Cem EZ resin 
cements comprised no phosphate functional monomer and achieved a high bond strength. 
This might be explained by the use of system-specific primer prior to cementing with these 





strengthen the resin-zirconia bond. Monobond Plus primer, which contains a methacrylated 
phosphoric acid ester monomer, is used before the application of Multilink AM cement. 
Prelude One primer, which contains a methacryloyloxyalkyl acid phosphate monomer, is 
used before the application of Cem EZ cement. Steiner et al. (2020) compared the bond 
strength of seven types of resin cement bonded to zirconia using 10-MDP universal primer 
(Signum Zirconia Bond I+II), system-specific primer, and unprimed surface treatment. 
They found that the use of the universal primer significantly improved the bond strength 
of all of the resin cements compared with the unprimed groups. When using a system-
specific primer, Monobond Plus achieved a higher bond strength than the universal primer 
with Multilink AM cement did (176). These results are in line with this study. One possible 
explanation for this is that Monobond Plus contains various methacrylate monomers with 
functional phosphoric acid group 10-MDP, which may be capable of forming a very stable 
phosphate link and thus a strong adhesive bond to zirconia that is resistant to hydrolysis. 
In addition, Multilink Automix cement requires the use of a Multilink primer on the 
substrate, which was the titanium in our study, which contains an advanced hydrolytically 
stable phosphonic acid acrylate. This monomer allows for the optimal wetting of the 
restoration by slightly increase hydrophilicity of the resin composite. Other studies 
concluded that the use of a primer containing 10-MDP strengthens the bond between self-
adhesive composites (containing 10-MDP or other functional monomers) and traditional 
composite cement (177-179). Regardless of the type of resin cement used, priming zirconia 
prior to cementing achieved better results. A simplified zirconia-bonding principle (the 





three essential phases of air-particle abrasion, primer application, and composite resin 
luting agents (180). This is in agreement with this study’s results. 
TheraCem resin cement is a self-adhesive cement that contains the 10-MDP functional 
monomer. Self-adhesive resin cement requires no prior treatment of the substrate as the 
Multilink AM and Cem EZ cements do, as these are adhesive cements. Self-adhesive 
cements incorporate acid-functionalizing monomers, which are methacrylate monomers 
with either the carboxylic acid group or the phosphoric acid group (181). It appears as 
though a chemical bond forms between the zirconia metal oxides and the functional 
monomer’s phosphate-ester group, thus enhancing the bond’s effectiveness. The bond 
strength values for the zirconia specimens bonded with self-adhesive cement containing 
MDP were higher than those for the other cement forms (164, 182). The 10-MDP monomer 
has two terminal functional groups: the terminal functional group with the phosphoric ester 
group, which reacts with the surface oxide on zirconia to form a P-O-Zr bond, and the vinyl 
terminal group, which co-polymerizes with the resin matrix in the cement to form a 
covalent bond. In between these functional groups, a carbon chain is responsible for the 
cement characteristics of viscosity, rigidity, hydrophobicity, and solubility (165, 183).   
As mentioned above, BiFix SA, Ceramir CB, and Maxcem Elite were among the lower-
bond-strength groups. Ceramir CB is an acid-based cement (glass ionomer cement) type, 
whereas BiFix SA and Maxcem Elite are self-adhesive resin cements with no 10-MDP 
functional monomer. In a previous study, the results indicated that Ketac-Cem (3M ESPE), 
which is a glass ionomer cement, like Ceramir CB cement, had a relatively weak bond 





ionomer cement (RMGIC) scored a similar shear bond strength to the MDP-free self-
adhesive composite cement. However, pre-conditioning with MDP-containing products 
did not result in an increase in the RMGIC’s bond strength (184). Maxcem Elite, a self-
etch/self-adhesive resin cement, achieved the lowest bond strength among the cements. A 
micro-shear bond strength study on various self-adhesive resin cements revealed Maxcem 
Elite cement achieved the lowest bond strength without the use of MDP-containing primer 
(185) in a significant manner, which is in agreement with this study’s results. Because 
Maxcem Elite is a self-etch/self-adhesive resin cement, the explanation of the lower bond 
strength was explained by its low pH value (pH=3.9) in the first 24h after polymerization. 
In addition, it had an insufficient ability to neutralize this initial drop of pH (186). 
Excessive hydrophilicity resulting from a low pH value can cause water absorption and 
swelling, thus lowering mechanical strength and dimensional stability (47).  
4.3 The effect of accelerating aging on crown retention 
The third aim of the study was to compare the effect of accelerating aging on the adherence 
of bonding cements to zirconia. Thermocycling has frequently stimulated the intraoral 
aging effect on resin cement adhesion. Gale and Darvell estimated that about 10,000 cycles 
represented one year of service because such cycles could occur 20-50 times a day (187). 
In the present study, the specimens were aged for 20,000 cycles in cold/hot water baths 
(5°C and 55°C, respectively), and this might be equivalent to two years of service.  A 
significant effect of post-treatment on the retention force was found (p=0.049). In addition, 
a significant difference was found between the 24h water storage and accelerated aging 





to zirconia exists, was rejected. In general, the accelerated aging groups achieved slightly 
higher bond strength than the 24h water storage groups did. Regarding zirconia surface 
pre-treatment and post-treatment effects, the zirconia accelerated aged group treated with 
nano-structured alumina surface treatment achieved the highest bond strength in 
comparison with the zirconia in the 24h water storage group with the same surface 
treatment. This result explains that nano-structured alumina coating is well bonded to 
zirconia surface and withstands the accelerated aging environment. This result is similar to 
Jevnikar et al.’s study’s results. He claimed that all groups with the nano-structured 
alumina coating survived the aging process with no bond strength reduction (127). This 
could be explained by the formation of a hybrid layer that is stronger than the degradation 
forces of the hydrothermal bonds during the thermocycling process (156, 157). 
 On the other hand, zirconia in the accelerated aging group with no surface treatment 
(control) had a non-significantly statistically lower bond strength compared with the 24h 
water storage group. In this study, all of the zirconia surface pre-treatment groups 
withstood the aging process, and no significant difference was found within each surface 
pre-treatment. In a previous study, the cement/Y-TZP bonding was unable to withstand the 
“aging” conditions when the Y-TZP surface was not silica coated (control group), thus 
resulting in spontaneous debonding (83). In another study, Peter Jevnikar et al. (2010) 
compared various surface treatments. All specimens in the polished and sintered zirconia 
groups de-bonded spontaneously during 12,000 cycles of thermal cycling testing (127).  
Although in this study, the number of thermocycles used was higher (20,000 cycles), and 





various types of tests performed. In both previous studies, researchers used the macro-shear 
bond testing method by cementing a composite rod to a zirconia disc. Meanwhile, in this 
study, macro-shear bond testing was performed using a zirconia ring cemented to tapered 
titanium abutment, which mimics the clinical situation with the presence of an adequate 
retention form.  
The bond strength to the Y-TZP ceramic was, however, stable and increased when the Y-
TZP surface was tribochemically treated (83), which is in line with this study’s results. The 
increase in the bond strength on the zirconia surface treatment groups over the longer 
period of storage is contrary to the results that many authors have reported in long-term 
studies concerning the degradation of the Y-TZP bond (23, 59, 139, 182). A possible 
explanation for this is that tribochemical blasting tends to be more thermocycling resistant 
than other methods are. The bond between silica and silane is more resistant to hydrolysis 
compared with the bond between zirconia and 10-MDP according to thermodynamic 
calculations (85). A meta-analysis report concluded the greatest reduction in bonding 
effectiveness occurs when zirconia is not mechanically pre-treated. The use of a non-MDP 
functional monomer-containing primer (silane) in the cases of “tribochemical silica 
coating” appeared to be the most effective in aging studies. Additionally, mechanical pre-
treatment appeared to be critical for achieving long-lasting bonding to zirconia ceramics 
(54).  On the other hand, other authors reported favorable results with adhesion protocols 
involving alumina-sandblasting, with adhesion values comparable to those of 
tribochemical blasting (170, 188). In this study’s results, both groups, airborne-particle 





    In a comparison of cement types and the accelerated aging effect on bond strength, five 
out of eight cements achieved slightly higher bond strength than that for the 24h water 
storage time, but no statistically significant difference was found. Multilink AM, 
TheraCem, Panavia, SA, Ceramir CB, and Maxcem Elite cements achieved a slightly 
higher bond strength in the accelerated aging group than in the 24h water storage group. 
On the other hand, Cem EZ, RelyX Unicem2, and BiFix cements achieved a slightly lower 
bond strength in the accelerated aging group than in the 24h water storage group. A 
previous study compared various surface treatments of zirconia cemented with three 
cements. With airborne-particle abrasion, RelyX ARC and Bistite II achieved a significant 
lower bond strength when stored in distilled water for 30 days. Meanwhile, Panavia 
cement, which contains an MDP functional monomer, maintained the initial bond strength 
after water storage (118). Another study revealed that when zirconia was airborne-particle 
abraded, the addition of an MDP-containing primer resulted in improved aging resistance 
(54). A possible explanation for this inconsistency is a residual cure in the studied cement. 
Pace et al. reported an increase in flexural strength after one month of storage of a dual 
MDP-based cement and attributed this to possible continued polymerization (158). 
Another possible explanation for increased bond strength after the aging process, which is 
water absorption’s beneficial effect on composite restorative materials, can be thought of 
as a mechanism for compensating for polymerization shrinkage and relaxing (189). 
However, this hypothesis has not been proved, and further research is needed. On the other 
hand, decreased bond strength after the aging process could be explained by the water 





bond (49). In a meta-analysis research study illustrated that in the “non-aged” dataset, a 
“MDP-containing cement” resulted in a higher predicted bond strength than a “non-aged” 
cement did. However, no differences in bond-aging resistance were found among the 
cements in the “aged” dataset (54), which is inconsistent with this study’s results. 
 
4.4 Failure mode  
In this study, the results demonstrated that the adhesive type of failure mode was related to 
low retention strength, whereas increased retention strength was related to the cohesive and 
mixed types of failure modes. Due to the fact that adhesive failures are typically associated 
with low bond strength values, Toledano et al. concluded that mixed and cohesive failures 
are clinically preferable to adhesive failures (190). In a comparison of the modes of failure 
associated with various surface treatment methods, the nano-structured alumina group, 
which exhibited the highest retention strength, demonstrated a 60% cohesive failure type, 
whereas the control group, which exhibited the least retention strength, demonstrated a 
53.3% adhesive failure type. This is consistent with previous studies (127, 128). 
Meanwhile, the airborne-particle abrasion group demonstrated a 60% mixed failure type, 
and the tribochemical treatment group demonstrated a 53.3% combined mixed and 
cohesive failure modes (40% mixed and 13.3% cohesive). 
Regarding the modes of failure associated with various cement types, the failure mode 
supported the bond strength results of most cement types. The higher bond strength value 
for the specimen records would appear to demonstrate the higher rate of the cohesive failure 





cement groups. Multilink AM achieved higher bond strength (20.61±2.08MPa), and the 
failure mode was predominantly mixed and cohesive types (62.5% and 25%, respectively). 
Cem EZ cement achieved a high bond strength (19.25±2.8MPa) as well, and the 
predominant failure mode was mixed and cohesive types with no adhesive failure mode 
(62.5% and 37.5%, respectively). TheraCem cement had an equal amount of the mixed and 
cohesive failure types (37.5%) and adhesive failure type (25%), and it achieved a high bond 
strength (17.80±5.07MPa). On the other hand, resin cements that achieved a lower bond 
strength, including BiFix (12.32±4.88MPa) and Maxcem Elite (11.42±6.48MPa), revealed 
predominantly adhesive failure (57.14% and 75%, respectively), whereas the lower bond 
strength of Ceramir CB (11.98±4.53 MPa) (acid-base reaction cement) had a predominant 
mixed failure type (57.14%). 
4.5 Cement space 
When it comes to coating the internal surface of a zirconia restoration, internal fit is one of 
the issues to be considered. In this study, a nano-structured alumina coating was used to 
enhance the bond strength of zirconia. For testing the fitness of the restoration after the 
coating treatment, the cement thickness was measured in four specimens with various types 
of zirconia surface treatments. Zirconia without any surface-pre-treatment cemented with 
TheraCem resin cement illustrated a thickness of 44.8 ± 5.3 µm, whereas the nano-
structured alumina coated zirconia specimen revealed a thickness of 42.7 ± 2.9 µm, which 
is not significantly different. Previous research studies showed that the coating thickness 





to a study that May L G et al. conducted, restorations fabricated using a CAD/CAM system 
exhibit greater resistance to failure when the cement space is equal to 50 µm (191), and our 
results showed a cement space within 50 µm for all types of surface pre-treatments.  
4.6 The effect of DOEs 
With proper randomization and a good experimental design, unanticipated, omitted 
variables may have an equal effect on the treatments being examined. The random 
assignment of treatments to experimental subjects ensures the validity of an inference in 
the presence of unspecified disturbances by distributing the risk of such disturbances 
evenly among the treatment groups. If experimental subjects can be clustered into blocks, 
the experimenter can do significantly better so that the units are homogenous within the 
same block but different across the blocks. Consider a multifactor architecture rather than 
a one-factor-at-a-time experimental approach (192). Fisher demonstrated that a more 
effective strategy is to vary the factors concurrently and to examine the response for each 
possible factor-level combination. The precise results may be 10 times higher for a well-
designed experiment with the same time and labor cost (193). Numerous statistical 
packages include modules for calculating appropriate sample sizes. In this study, the 
statistical analysis was performed using JMP Pro 15 software (SAS, Cary, NC). The 
Customer Design feature was used for the programming of three variables: zirconia surface 
treatment, cement type, and post-treatment. The software generated and assigned various 
random assignments of the three factors to each of the specimen preparations. Through 
randomization and grouping, personal bias is largely eliminated, and uncontrollable 





sizes and greater confidence, the multifactor linear regression model enables the detection 
of the effects of the three tested parameters. The regression models revealed a R square of 
0.98, indicating that the created model can predict 98 percent of the variance, and a p-value 
of 0.0018, indicating a significant effect(s) (see Figure 39). 
4.7 Limitations  
Due to the fact that this was an in vitro study, several limitations must be considered. With 
in vitro studies, the oral environment is hard to reproduce. This study did not examine the 
chewing mechanism, which could result in mechanical stresses and compromise the 
retention strength. Additionally, although the absence of occlusal coverage is implausible 
in clinical situations, it can serve the function of this in vitro research. The number of the 
specimens was small (64 specimens), although the DOE was done to assign the testing 
sequence and specimen number to minimize the effect of personal bias and uncontrollable 
confounding factors. Further in vitro research that looks at promising strategies and that 
has better homogeneity in the test setup characteristics, as well as more clinical trials, are 









Chapter 5. CONCLUSIONS 
Within the limitation of this in vitro study, the following conclusions regarding bonding to 
zirconia were drawn:  
1. Combining techniques to improve mechanical micro-retention and chemical 
reactiveness appeared to be critical for obtaining durable bonding to zirconia 
ceramics, with the highest bond strength achieved by the combination of nano-
structured alumina coated with zirconia surface treatment, cemented to the titanium 
abutment with TheraCem resin cement after an accelerated aging process. 
2. A significant difference in retention strength to zirconia was found among the tested 
surface pretreatments (nano-structured alumina coating ≥ tribochemical abrasion = 
airborne-particle abrasion ≥ control). 
3. Significant differences in retention strength to zirconia were found among the tested 
cements [Multilink AM ≥ (Cem EZ = TheraCem = Panivia SA = RelyX Unicem2 
= BiFix) ≥ Ceramir CB = Maxcem Elite].  
4. Resin cements with an MDP functional monomer or system-specific primers that 
contain phosphate functional monomers achieved a statistically significant higher 
bond strength than did resin cements with no functional monomers or an acid-base 
reaction cement. 
5. A significant difference in retention strength to zirconia was found among the 
posttreatment effects, with the accelerated aging groups achieving a slightly higher 
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